Circumstellar gas and dust emission and mass loss from evolved stars. by Hiriart, David,
University of Massachusetts Amherst
ScholarWorks@UMass Amherst
Doctoral Dissertations 1896 - February 2014
1-1-1998
Circumstellar gas and dust emission and mass loss
from evolved stars.
David, Hiriart
University of Massachusetts Amherst
Follow this and additional works at: https://scholarworks.umass.edu/dissertations_1
This Open Access Dissertation is brought to you for free and open access by ScholarWorks@UMass Amherst. It has been accepted for inclusion in
Doctoral Dissertations 1896 - February 2014 by an authorized administrator of ScholarWorks@UMass Amherst. For more information, please contact
scholarworks@library.umass.edu.
Recommended Citation
Hiriart, David,, "Circumstellar gas and dust emission and mass loss from evolved stars." (1998). Doctoral Dissertations 1896 - February
2014. 1969.
https://scholarworks.umass.edu/dissertations_1/1969

CIRCUMSTELLAR GAS AND DUST EMISSION AND MASS LOSS
FROM EVOLVED STARS
A Dissertation Presented
by
David Hiriart
Submitted to the Graduate School of the
University of Massachusetts Amherst in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
May 1998
Department of Physics and Astronomy
© Copyright David Hiriart 1998
All Rights Reserved
CIRCUMSTELLAR GAS AND DUST EMISSION AND MASS LOSSFROM EVOLVED STARS
A Dissertation Presented
by
David Hiriart
Approved as to style and content by:
k
John Kwan, Chair
^ \l-
David Van Blerkom, Member
William Irvine, Member
Edward Chang, Member
Department Head
department of Physics and Astronomy
Acknowledgements
First, I would like to thank my advisor, John Kwan, for his guidance and support
throughout my dissertation research. It has been a great experience to work with
him. His insight to solve problems in astrophysics is very inspiring.
I want to thank the members of my committee, David Van Blerkom, William
Irvine, and Edward Chang for reading and commenting this thesis dissertation.
Thanks to all my friends; especially to Douglas McGonagle for his encourage-
ment during the last stages of this thesis; to Meg Lysaght and Lohuma Ghandour
for conferring me their friendship and animation.
Special thanks to the Van Blerkoms and the Orellanas for providing me with a
home while my family was away.
Finally, my greatest gratitude is to my wife Armida, and our children David
and Milena for all their support and comprehension during my life as a graduate
student.
I acknowledge the funding provided by the Large Millimeter Telescope Project
offices in Mexico and the United States to complete this thesis dissertation.
I also acknowledge the financial support that I received from the Universidad
Nacional Autonoma de Mexico during my term as a graduate student.
iv
Abstract
CIRCUMSTELLAR GAS AND DUST EMISSION AND MASS LOSS
FROM EVOLVED STARS
May 1998
David Hiriart, B.S., Universidad Nacional Autonoma de Mexico
M.S.E.E., Centro de Investigacion Cientifica y Educacion Superior
DE ENSENADA
M.S., University of Massachusetts Amherst
Ph.D., University of Massachusetts Amherst
Directed by: Professor John Kwan
This dissertation presents a study of the circumstellar gas and dust emission and
their relation to the mass-loss in evolved stars. Considering the physical process of
heating and cooling of the dust, a model to calculate the circumstellar dust emission
is developed. The dust distribution is expressed in terms of the physical parameters
of the envelope and the optical properties are assumed to be of a power-law type.
Calculations for dust envelopes extending over a broad range of optical opacities are
presented. There is special emphasis on calculations for IRAS fluxes at 12, 25, and
60 fim and the near infrared flux at 2.2 fim. Their dependence on the parameters of
the model, namely, the effective temperature and luminosity of the central star, the
power-law index, and the dust absorption coefficient of the grains is presented. The
results are combined in color-color diagrams and it is found that they have little
dependence on the luminosity and effective temperature of the central star, thus
making them solely dependent on the dust properties. The calculated colors and
spectra for envelopes of carbon-rich and oxygen-rich stars agree with those observed
in these types of stars. Using an available model for the circumstellar gas emission,
an analysis of reported CO J = 1-0 and 2-1 observations of nearby carbon-rich stars
V
is done. The observational data supports the vahdity of the gas emission model.
The gas model is related to the dust model through the physical parameters they
have in common. This fact allows one to connect the results from the two models
in order to constrain the space of their physical parameters.
vi
Table of Contents
Page
Acknowledgements .... •••••• IV
Abstract
V
List Of Tables
List Of Figures •
Chapter
1. Introduction
^
2. The Dust Emission Model 7
2.1 The Model 7
2.2 IRC+10216 "
.
"
. . 11
3. Dust Emission Model Results 15
3.1 Dust Temperature Distribution in CSE 15
3.2 Emerging Spectrum from CSEs 18
3.3 Infrared Monochromatic Flux 22
3.4 Infrared Colors 25
3.5 Color-color Diagrams 38
3.6 Applications of the Dust Emission Model 40
3.7 The Efficiency of Momentum Transfer 59
4. The Circumstellar Gas and Dust Emission Models 72
4.1 Introduction 72
4.2 The Gas Emission Model 72
4.3 Putting the Dust and Gas Emission Models Together 74
4.4 Application to Evolved Carbon-rich Stars 77
4.5 Consistency Between the Circumstellar Gas and Dust
Emission Models 87
5. Summary 98
References 101
vii
List of Tables
Table
rage
2.1 Power-law index m for the dust absorption coefficient Qx
for carbon-rich envelopes g
2.2 Power-law index m for the dust absorption coefficient Qx
for oxygen-rich envelopes ][0
2.3 Parameters for the dust emission model and their values
for IRC-1-10216 12
3.1 Sample of carbon-rich stars 55
3.2 Sample of oxygen-rich stars 70
4.1 Selected sample of carbon stars with detected CO emission
in the solar neighborhood (Olofsson et al. 1993) 80
4.2 Angular Resolutions of Telescopes, J), at CO J J - 1
Transition (Olofsson et al. 1993) 81
4.3 Results from the gas emission model 82
4.4 Observed colors and results from the dust emission model
for the selected sample of carbon stars 83
4.5 Results from combining the dust and gas emission models
for the selected sample of carbon stars 91
4.6 Correlation between the different parameters obtained from
the dust and the gas emission model 95
viii
List of Figures
Figure prage
2.1 Calculated dust temperature distribution for IRC+102 16 13
2.2 Calculated and observed spectral energy distribution
ofIRC+10216 j4
3.1 Circumstellar dust temperature distributions for total opacities of
0.0055, 0.055, 0.55 and 5.5 at wavelength of 25 yum for a
carbon-rich CSE j^g
3.2 Same as Figure 3.1 but for an oxygen-rich CSE 17
3.3 Emergent spectral energy distributions for four different optical depths
for a carbon-rich CSE 20
3.4 Same as Figure 3.3 but for an oxygen-rich CSE 21
3.5 Infrared flux parameter f^{\) as a function of k for case 1 of Q\ for
a carbon-rich CSE 26
3.6 Same as Figure 3.5 but for case 2 of Qx for a carbon-rich CSE .... 27
3.7 Same as Figure 3.5 but for case 3 of Qx for a carbon-rich CSE .... 28
3.8 Infrared flux parameter fu{^) as a function of k for case 1 of Qx for
an oxygen-rich CSE 29
3.9 Same as Figure 3.8 but for case 2 of Qx of an oxygen-rich CSE .... 30
3.10 Infrared color [12]-[2.2] as a function of the parameter k
for a carbon-rich (left panel) and an oxygen-rich envelope .... 32
3.11 Same as Figure 3.10 but for the [25]-[2.2] color 33
3.12 Same as Figure 3.10 but for the [60]-[2.2] color 34
3.13 Same as Figure 3.10 but for the [25]-[12] color 35
3.14 Same as Figure 3.10 but for the [60]-[12] color 36
3.15 Same as Figure 3.14 but for the [60]-[25] color 37
ix
3.16 Color diagram 1 for = 2500 K and of 10^ (long dashed line)
10 (solid line), and 10^ L® (dot-dashed line) '
. . 41
3.17 Same as Figure 3.16 but for color diagram 2 42
3.18 Same as Figure 3.16 but for color diagram 3 ......... 43
3.19 Color diagram 1 for case 1 (top branch), and 2 (bottom branch) of
Qx for an oxygen-rich envelope for = 2500 K and of
10^ (long dashed line), 10^ (solid line), and 10^ L©
(dot-dashed line) 44
3.20 Same as Figure 3.19 but for color diagram 2 45
3.21 Same as Figure 3.19 but for color diagram 3 .............. 46
3.22 Infrared colors of observed carbon-rich stars (open circles)
in the color diagram 1 4g
3.23 Same as Figure 3.22 but for color diagram 2 .............. 49
3.24 Same as Figure 3.22 but for color diagram 3 50
3.25 Infrared colors of observed oxygen-rich stars (open squares) in
the color diagram 1 51
3.26 Same as Figure 3.25 but for color diagram 2 52
3.27 Same as Figure 3.25 but for color diagram 3 53
3.28 Color-color diagram 1 (upper panel) and color diagram 2 (lower panel)
for the different cases of Qx of a carbon-rich star 55
3.29 Color-color diagrams for the dust-to-gas mass ratio, /, depending on
position 56
3.30 Data and model results in a tridimensional color diagram 58
3.31 Photometric data (left) and model results (right) for
carbon-rich stars 60
3.32 Photometric data (left) and model results (right) for
oxygen-rich stars 61
3.33 The efficiency of momentum transfer as a function of position for
case 1 of Qx in a carbon-rich envelope 62
X
3.34 Efficiency of momentum transfer from the radiation to the dust as a
function of k for different and (see text) 54
4.1 Comparison between the dust model results and the selected nearby
carbon stars with detected CO emission 79
4.2 Parameter z{l) and z{2) as a function of the infrared
color [25]-[2.2] 85
4.3 Same as Figure 4.2 but for the parameters 2*(1) and 2*(2) ...... 86
4.4 Parameter y as a function oiQ/Qo .................. gg
4.5 Same as Figure 4.4 but for the parameter y* .............
. 89
4.6 Same as Figure 4.4 but for the parameter y^ 90
4.7 Gas emission model parameter z{2) plotted against parameter z{l)
for the selected sample of carbon stars ............... 93
4.8 Same as Figure 4.7 but for the gas model parameters
2*(1) and z*{2) 94
4.9 Correlation between a(l) and a(2) for the selected sample of
carbon stars 96
4.10 Same as Figure 4.9 but for the parameters a*{l) and a* (2) 97
xi
ChapterI
Introduction
Mass loss is a common phenomenon for stars in the main sequence. Typical
mass-loss rates extend from IQ-^^ Mq yr~^ for the Sun up to IQ-^ M© yr~' for
Wolf-Rayet stars (Trimble and Leonard 1994). However, for a star with an initial
mass between 1.0 and 10 most of its mass loss occurs when it evolves out of
the main sequence and is found at the end of the asymptotic giant branch (AGB).
During this stage the star develops a strong wind that carries away from its
photosphere the enriched material produced by nucleosynthesis and which was
dredged up from the core to its surface. The origin of this so-called superwind is
not yet well understood, although several theories point to the cause of pulsation,
radiation pressure on dust grains, or a combination of both. When the ejected gas
cools down, it creates a chemically complex envelope with constituents such as dust
grains and various kinds of molecules. Thus, the matter lost creates a circumstellar
envelope (CSE) of dust and gas that surrounds the evolved star. The chemical
constituents of the CSE reflect the elements present in the outer regions of the
star; depending on its chemical composition, the central star can be classified
either as a carbon-rich star ([C]/[0] > 1) or an oxygen-rich star ([C]/[0] < 1).
The material returned to the interstellar medium (ISM) by the stars on the
AGB represents a significant fraction of the metals in the interstellar medium
(Knapp and Wilcots 1987). This processed matter has a great impact on the
chemical evolution of the Galaxy; it is possible that most of the ^^C, ^"^C, ^'^TV, and
s-processed elements present in the ISM were produced in red giant stars. A
simple estimate indicates that the rate of mass return by these stars is an order of
magnitude higher than that from supernovae events (Morris and Zuckerman 1985).
2In addition to specifying the amount of matter that evolved stars return to the
interstellar medium, a reliable value of their mass-loss rate M has many other
useful applications. It dictates the evolution of the star at the end of the AGB
since the amount of mass loss reduces the amount that is added onto the core
(Iben 1985); this is especially important at the very last stage of evolution because
the evolution time is sensitive to the amount of hydrogen above the core
(Schonberner 1983). It is believed that the envelope surrounding an evolved star
plays an important role in the formation of a planetary nebula. At some point in
the evolution of the star from the AGB towards a white dwarf, ionization of the
surrounding envelope gives birth to a planetary nebula. However, the details of the
processes transforming a post-AGB object into a planetary nebula are not totally
understood. When M is related to other stellar parameters, such as luminosity,
composition, etc., it will help to determine the unknown mass-loss mechanisms
(Goldberg 1985). Circumstellar envelopes, with their complicated chemistry, also
seem to be the principal source for the formation of interstellar dust.
Mass-loss rates from evolved stars are usually estimated by utilizing either the
molecular radio line emission or the dust emission from their circumstellar
envelopes. Indeed, the matter lost from the central star can produce an envelope
so optically thick that the star might be totally obscured.
Modeling of the observed radio line emission of CO is the method most widely
used to estimate the mass-loss rate for stars on the AGB. This molecule is found in
both carbon-rich and oxygen-rich CSEs and it has the strongest, non-maser
pumped line. Also, the CO rotational levels have a simple structure, making them
amenable to excitation calculations.
Another method to estimate M via radio line emission is the use of maser
lines. One disadvantage of this method is that it depends on the kind of star
present; for example, the 07/(^113/2, J = 3/2, F = 1 ^ 2) maser at 1612 MHz has
3been detected only toward oxygen-rich CSEs (Lewis 1989). Although most of the
H^O maser sources have been found in oxygen-rich CSEs, it is possible to find a
few carbon-rich stars with this maser emission. However, it has been shown that
the H2O maser luminosity has only a weak dependence on mass-loss rate (Engels
and Lewis 1990). An attempt to determine M from the SiO maser in the excited
vibrational state is also unsuccessful, as the maser luminosity is completely
independent of the mass-loss rate and, furthermore, is independent of the
expansion velocity of the envelope (Jewell et al. 1984).
By far, modeling the CO rotational emission has become a well established
method to estimate the mass-loss rate when CO emission is detected. The first
detailed model of the molecular line emission from a CSE was made by Kwan and
Hill (1977) for the carbon star IRC+10216. In their model the level populations of
the CO molecule are calculated in a consistent way that includes all the sources of
heating and cooling. The values of the input parameters are determined to
reproduce the observed intensity and profile of the line. The same kind of
calculations can be applied to other objects and it has been repeated, for example,
for IRC+10216 (Kwan and Linke 1982, Sahai 1987, Huggins et al. 1988,
TVuong-Bach et al. 1991), U Cam (Sahai 1990), and CRL2688 (Truong-Bach et
al. 1990).
In spite of its effectiveness, modeling each CSE individually becomes
inconvenient and time consuming if results for a large number of objects are
desired; an analytical expression that obtains the mass-loss rate directly from
observational quantities is useful in this situation. A formula that relates the
CO J = 1 ^ 0 central line intensity to M has been proposed by Knapp and
Morris (1985). However, as pointed out by Kwan and Webster (1993), their
formula should not be applied in all cases since it is based on the circumstellar gas
temperature distribution for the star IRC+10216, and it is not clear if this star is
4a representative object for these kinds of stars or rather an extreme case. In their
paper Kwan and Webster calculate the CO line emission for a wide range of
physical parameters of the envelope, such as the mass-loss rate, the distance to the
source, and the gas-dust collisional heating parameter. Their results are
summarized in two relations between the central intensity and shape of the line
and the above mentioned variables. They show that considering only the central
intensity of the line and ignoring the line profile will produce incorrect values for
the mass-loss rate, especially for small values of M. In this sense the expressions
found by Kwan and Webster give better results than the very popular expression
from Knapp and Morris.
In addition to molecular emission, CSEs also have a continuum emission in the
infrared, produced by the heated dust, that can be used to estimate the mass loss.
An estimate of M can be obtained by a detailed modeling of the infrared emission
of the CSE; in this calculation the dust properties for the oxygen-rich and the
carbon-rich CSEs must be assumed. Also, since the expansion velocity of dust is
not available, either a value from the molecular line observation has to be taken or
a typical value has to be adopted.
In using the dust emission of the circumstellar envelope to estimate M, the
most reliable method is a detailed modeling of the observed spectral energy
distribution ( Rowan-Robinson and Harris 1983, Chan and Kwok 1988,
Schutte and Tielens 1989 ). When conclusions of a statistical nature need to be
obtained from a large sample of objects, however, this approach may be laborious
and unnecessary; a method that uses a few observed monochromatic fluxes to
determine M is desirable instead. As in the gas modeling of the CSE, an
expression of general application to estimate M is useful.
In principle, far-infrared and sub-millimeter fluxes provide the most direct
means to estimate the dust mass-loss rate of CSE (Sopka et al. 1985), since even
5the thickest CSEs are optically thin at those wavelengths; based on this fact,
Herman et aL (1986) and Jura (1987) have both derived similar equations which
use the 60 //m flux density to estimate M. A drawback of their formulas is that
they do not differentiate whether the flux is produced in a shell-like envelope far
from the star or in a closer envelope created by a steady mass loss. A
semi-empirical relation proposed by Van der Veen (1989) uses two infrared fluxes;
he suggests an expression for M as a function of the IRAS flux ratio of 25 to
12 fim. However, his expression has to be calibrated for carbon-rich and
oxygen-rich stars separately (Van der Veen and Reugers 1989). On a totally
empirical basis, Olofsson et al. (1987) propose an expression that relates the gas
mass-loss rate of a carbon star determined from the formula of Knapp and Morris
(1985) to the infrared excess defined in terms of the monochromatic fluxes at 25,
60, and 2.2 fim. Besides being applicable only to carbon-rich stars, this method
has the problems that the physical parameters of the star and the CSE may have a
broad distribution, and that the expression from Knapp and Morris may be
inaccurate (Kwan and Webster 1993).
If a relation to estimate M is based on the IRAS infrared fluxes, a great
amount of data will be available for analysis. In the IRAS database it is believed
that as many as 10^ sources are CSEs of evolved stars (Omont 1990); this provides
a large amount of data from where statistical conclusions can be obtained. Also, a
well established relation between the monochromatic infrared fluxes and M can be
used to estimate M from evolved stars when no line emission from CO is detected
or it can be used to corroborate the estimate obtained from CO observations.
The purpose of this thesis is to investigate the relation between the dust and
gas emission of CSEs and the mass-loss rate. A comparison of the models to
obtain the mass-loss rate from circumstellar dust and gas emission is presented;
these two models are actually not completely independent of each other since the
CO emission depends on certain dust properties.
6The outline of this thesis is as follows. In chapter 2 the model used to
calculate the dust emission from the CSE is presented. It is applied to the evolved
star IRC+10216 and tested against its photometric data. In chapter 3 several
general results from the model are presented and applied to observed samples of
evolved stars. In chapter 4 the outcomes from the dust emission model are
combined and compared to those from a gas emission model of the CSE. In the
last chapter I summarize the most important conclusions of this thesis.
Chapter 2
The Dust Emission Model
2.1 The Model
The dust emission from the circumstellar envelope is calculated by using a
model similar to the one proposed by Scoville and Kwan (1976) for modeling
infrared sources embedded in molecular clouds. Following that model, the dust
temperature distribution in the envelope is found by balancing the heating rate
against the cooling rate of the dust at any position. The heating rate encompasses
the contributions from the attenuated stellar radiation and the emission by the
rest of the dust in the envelope. Once the dust temperature through the
circumstellar envelope has been determined, the emergent spectral energy
distribution, which includes the emission from the star as well as that from the
dust envelope, is calculated.
In the model the circumstellar dust envelope is assumed to be spherically
symmetric, extending from an inner radius to an outer radius Ro. The inner
radius Ri is assumed to be specified by the condensation temperature of the dust,
Tc. The central star is a spherical blackbody at a temperature and of radius R^.
With most of the radiation from the central star being at infrared wavelengths,
the scattering of radiation by the grains has been ignored because of its low value
at long wavelengths: in this case, the scattering component of the opacity is not
important in calculating either the dust temperature distribution or the emergent
spectrum from the envelope.
8Assuming a steady mass-loss rate M from the star, the dust density at a
radius r from the star can be expressed as
nAr) = 3/M
^ ^ IQn^VtPgra^r^ ' (2.1)
where / is the local dust-to-gas mass ratio, p,, is the density within a grain, a is
the radius of the spherical grain, and Vt is the gas terminal velocity. The dust
density distribution depends on the product of several physical parameters,
including M. In equation 2.1 it has been assumed that the gas has reached its
terminal velocity Vt, and that the parameters /, p^,, and a have constant values
through the whole envelope, although in one set of the performed calculations / is
allowed to vary with position.
The dust absorption coefficient Qx is the most uncertain quantity in the
model. It depends strongly on the size and chemical composition of the grains. For
a carbon-rich envelope it is believed that amorphous carbon is the main
constituent of dust grains. A simple power-law dependence of Qx on wavelength
provides a good approximation to the optical properties of amorphous carbon at
infrared wavelengths (Bussoletti et al 1987):
Qx = Qo [j^ , (2.2)
where Qq is the dust absorption coefficient at the reference wavelength Xq and m is
the power-law index. The reference wavelength is chosen to be 25 fim. For the
power-law index m the values 1.0, 1.5, and 2.0 are used. In addition, to allow for
more flexibility in Qx, two cases with different values of m for A < Aq and A > Aq
are also examined. The values of m for all the five cases of the dust absorption
coefficient for carbon-rich envelopes are listed in Table 2.1.
The dust envelopes of evolved oxygen-rich stars are believed to consist mainly
of silicate grains. Following Drain and Lee (1984), the dust absorption coefficient
for silicate grains is approximated by
9-law index m for the dust absorption coefficient for carbon-rich
Case A < 25 /im A > 25 /zm
m = 1.0 m = 1.0
m = 1.5 rn = 1.5
3... m = 2.0 m = 2.0
4... m = 1.5 m = 1.0
m = 2.0 m = 1.0
m
A > 10//m
(2.3)
Qo
with Ao again being 25 /im. Two values of m, 1.0 and 2.0, are used. In
equation 2.3 the 10 /im silicate feature is modeled by a single jump of amplitude
A, set equal to 10.0 in the calculations. Although a more accurate and complex
expression may be given to Qa, the very broad response function of the IRAS
12 /im filter (from 8-15 iim) reduces the sensitivity of the observed 12 /im flux to
Qx near 10 /i.m, and the simple parameterization in equation 2.3 makes it easy to
interpret the results from the model.
The value of Qo is connected to the total dust opacity r^g at the reference
wavelength for a ray toward the star, which is
The outer radius of the envelope Rg is not an important quantity in the above
calculation because the sizes of the circumstellar envelopes, as indicated by the
CO emission, imply that Ro'> Ri, making Rq unimportant in determining the
total opacity. This consideration simplifies txq to be
(2.4)
7"Ao = kx^/Ri (2.5)
10
envelopes.
2.2. Power-law index m for the dust absorption coefficient for oxyg(ni-rich
Case m
1... 1.0
2... 2.0
with
3_ fM
(2.6)
At near infrared wavelengths most of the emergent radiation is produced in the
warm inner layers of the envelope, so R„ is also not a relevant quantity in tlu^se
calculations. However, it can be important in calculating the emergent flux density
(Sx) at longer wavelengths, since those calculations depend on the surface area and
the contribution of the cold outer layers to Sx through
The inner radius of the dust envelope Ri is related to the dust condensation
temperature T^, the radius and the temperature T, of the central star. For a
steady mass-loss rate, Ri is the position that produces a dust temperature Tc. The
region between the upper photosphere of the star and R^ is assumed to be
transparent to radiation in the near and middle infrared ranges. This region is the
place where complex processes, such as shocks, chemical reactions, dust formation,
etc., occur.
For carbon-rich envelopes where Qx is assumed to be given by a simple jiower
law at A < Ao and the bulk of the stellar continuum occurs at wavelengths where
Qx < I, the inner radius of the envelope is given by
(2.7)
11
if only heating by the stellar continuum is considered. Even for envelopes which
are quite optically thick to the stellar continuum, it is found that the value of 7?,,
taking into account the heating by the dust radiation, is not more than 10 % larger.
For a given T„ which has been taken to be 1000 K, then R, scales as L'J^T^^^
The uncertain distance to the source introduces a large uncertainty in
determining the specific emergent fluxes. This problem can be somewhat
circumvented by obtaining flux ratios instead and expressing the results from the
model in terms of such ratios.
From all the considerations given above, the many parameters in the model
can be reduced to four significant and independent parameters, namely, kx,, m, L,,
and r,; the first two represent characteristics of the envelope and the dust; the last
two account for properties of the central star relevant to the model calculations.
2.2 IRC+10216
In this section the model is tested to reproduce the observed spectral energy
distribution for IRC+10216. This carbon star has a spherically symmetric outflow
and enough photometric data are available to compare with the calculated results
in detail (Sopka et al. 1985). The constituent of the dust is assumed to be
amorphous carbon with an emissivity law given by Qxoc and the total dust
opacity for a ray toward the center of the envelope equals 1.0 at 10 fim
(GriflRn 1990, Sopka et al. 1985). The physical parameters for the model and their
values for IRC+10216 are listed in Table 2.3.
The inner radius of the dust envelope is fixed by requiring that the dust
temperature equals the condensation temperature, Tc, of amorphous carbon
(Tc ^ 1000A'). The dust temperature at Ri is obtained by including the heating by
the stellar continuum as well as the dust radiation from the envelope. The outer
radius of the envelope reflects the extent of the CO emission region. The model is
used to calculate the dust temperature distribution and from it the emergent
12
Table 2.3. Parameters for the dust emission model and their values for IRC+10216.
Parameter Description ValueM Gas Mass-Loss Rate 5.5 x 10"^ M^yr'^
f Dust-to-Gas Mass Ratio 1.0 %
a Radius of the Grain 0.1 /im
Pgr Density Within a Grain 3.0 g cm-^
vt Terminal Velocity of the Gas 14.4 km s'^
R* Radius of the Star 862.1 /?©
Effective Temperature of the Star 2500.0 K
d Distance to the Star 200.0 pc
Rz Inner Radius of the CSE 2.97 x lO^"* cm
Ro Outer Radius for the CSE 1.0 x 10^''' cm
m Power-Law Index for the Opacity 1.0
spectral energy distribution. The calculated dust temperature distribution is
shown in Figure 2.1.
The calculated flux distribution, 5a, and the observed fluxes are shown in
Figure 2.2. A good agreement is found between the photometric data and the
calculated values at wavelengths extending from the near-infrared to the
millimeter waves. At wavelengths shorter than 1 ^im some discrepancy between
the calculated and the observed flux is found; this may be due to the scattering of
radiation at short wavelengths.
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Figure 2.2. Calculated and observed spectral energy distribution of IRC+ 10216.
Chapter 3
Dust Emission Model Results
3.1 Dust Temperature Distribution in CSE
If the dust absorption coefficient has the form Qx oc A""^, an analytical
expression for the dust temperature distribution can be found when the envelope is
optically thin to the stellar radiation. In this case the dust temperature as a
function of distance r is
T.(r) = T,(i?,/r)2/(4+-)
. (3.1)
In this optically thin case the heating of a grain by the rest of the dust in the
envelope is ignored. This heating contribution becomes more important as the
opacity of the envelope increases; then a numerical solution becomes necessary.
Numerical calculations have been performed for four different optical depths of
the envelope with the following set of parameters: = 3000 iC, = 10^ L©, and
case 1 of the dust absorption coefficient for a carbon-rich and an oxygen-rich
envelope. The total dust opacities are selected to be 0.0055, 0.055, 0.55, and 5.5 at
25 fim. The resulting dust temperature distributions are shown in Figure 3.1 and
3.2 for a carbon-rich and for an oxygen-rich envelope respectively. In each panel of
these figures the dashed line is the dust temperature distribution obtained ignoring
any intervening attenuation between the star and the grain at radius r,
corresponding to the distribution in the optically thin limit; the dotted line is the
distribution obtained when the intervening dust absorption is taken into account,
but not the heating by the radiation from the envelope; the solid line is the correct
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Figure 3.1. Circumstellar dust temperature distributions for total opacities of
0.0055, 0.055, 0.55 and 5.5 at a wavelength of 25 fim for a carbon-rich CSE.
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Figure 3.2. Same as Figure 3.1 but for an oxygen-rich CSE.
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temperature distribution when the heating by the dust envelope is also taken into
account.
As seen from Figures 3.1 and 3.2, the induszon of the heating by the radiation
of the envelope makes the dust temperature distribution approach the one obtained
m the optically thin limit. However, in the very optically thick case there is a
departure from the optically thin distribution at the inner layers of the envelope;
this difference in the temperature distribution increases with increasing optical
opacity. This has a significant effect on the emerging near infrared fluxes, resulting
in low emission at those wavelengths in the optically thick case.
For the same optical depth at 25 /um, the oxygen-rich envelope is less optically
thick to the bulk of the stellar continuum than the carbon-rich envelope. Hence
the 3 curves in each panel of Figure 3.2 are closer to one another than those in the
corresponding panel of Figure 3.1.
3.2 Emerging Spectrum from CSEs
Assuming that the dust absorption coefficient is given by Qx oc A""", an
analytical expression for the monochromatic flux at long wavelengths can be
derived (Sopka et al. 1985). When the CSE is optically thin, the dust temperature
distribution follows Trf(r) = Tc(i?,/r)^, where P = 2/(4 + m). Then, the
monochromatic flux contribution of the envelope, 5^"'', to the emergent flux is
given by
where d is the distance to the envelope. The telescope beam is assumed to be a
boxcar function with a FWHM of 2Ro/d, and an antenna response function given
by
P(r,0) = \l m . (3.3)
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The total monochromatic flux, including the radiation from the star, is given
by
sx = sr+sr
, (3.4)
with
These expressions are functions of the four relevant parameters of the dust
emission model. In deriving equation 3.2 it has been assumed that hc/XkTa < 1.0,
so the outer radius within which this condition is satisfied depends on A; indeed, at
the outer layers of the envelope the dust temperature may be so low that this
assumption is no longer valid for A < 100 iim.
In the general case, the calculation of the emerging monochromatic flux
requires a complete numerical treatment for the transfer of radiation. The
emergent spectral distribution was thus calculated for each of the four optical
depths at 25 fim presented in the previous section. The results are shown in
Figure 3.3 for the carbon-rich envelope and in Figure 3.4 for the oxygen-rich
envelope. Each panel shows the emerging spectrum (solid line) and the blackbody
energy distribution of the central star (dotted line). The distance to the envelope
is taken to be 200 pc. In all the calculations the combined emerging luminosity
from the star and the envelope is within 5 % of L*.
Figures 3.3 and 3.4 show that with increasing optical depth the peak of the
emerging spectrum shifts towards a longer wavelength, while the height of the
peak is not affected. This latter result is largely because of the choice of XSx as
the ordinate. The emergent spectrum shows an infrared excess with respect to the
central blackbody as well as a flux deficit at short wavelengths. The calculated
spectrum for the oxygen-rich envelope also contains an emission feature at
A = 10/im for T2s^rn = 0.0055, 0.055, and 0.55 /im. This feature turns into an
absorption for r25^m = 5.5. This behavior follows naturally from the declining dust
20
A [/i.m]
Figure 3.3. Emergent spectral energy distributions for four different optical depths
for a carbon-rich CSE.
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Figure 3.4. Same as Figure 3.3 but for an oxygen-rich CSE.
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temperature with increasing distance from the star, and the stronger contribution
from the outer dust layers with increasing total opacity of the envelope.
To compare the calculated monochromatic flux with the one obtained by
photometry, the calculated S, has to be convolved with the filter response of the
photometric system. The monochromatic fluxes of interest for this work are at
wavelengths of 2.2, 12, 25, and 60 /im. To obtain the monochromatic flux F, at
2.2 /im, Sx is convolved with the 2.2 //m filter response, (t>{X), tabulated in
Johnson (1965);
r, Io°^Sx{X)mdX
which defines the flux density at the eff^ective wavelength A^// specified by
To a first approximation the flux Fx behaves like a monochromatic flux at the
effective wavelength Ag//.
For the monochromatic fluxes at IRAS wavelengths, Xjras, of 12, 25, and
60 fim, Sx is convolved with the respective system response, i?(A), tabulated in the
IRAS Explanatory Supplement (Beichman et al. 1984) to obtain the flux density
_
I,-SxR{X)dX
C(^)i?(A)dA ^^-^^
For the rest of this work, the flux density presented is the result of the convolution
of the calculated monochromatic flux with the respective filter response, unless
indicated otherwise.
3.3 Infrared Monochromatic Flux
To study the infrared fluxes emerging from the CSE at wavelengths of 2.2, 12,
25 and 60 fim, they have been calculated as a function of the parameter kx^. The
distance to the envelope is assumed to be 200 pc, and the outer radius R„ of the
dust envelope is set at 5 x 10^'^ cm. The results for a carbon-rich envelope are
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shown in Figures 3.5, 3.6, and 3.7 for cases 1, 2, and 3 of the dust absorption
coefficient respectively. The results for an oxygen-rich envelope are shown in
Figures 3.8 and 3.9 for case 1 and case 2 of Q,. For each case the luminosity of the
star is fixed at 10^ in three calculations, but the eff-ective temperature of the
central star, T,, takes the value of 2000 A- (dotted line), 2500 X (solid fine), and
3000 (dashed line) separately. In two more calculations T, is fixed at 2500 K,
but equals 10^ (long dashed line) and 10^ Lq (dot-dashed line) separately.
The infrared fluxes are presented in terms of /^(A) defined as
/.(A)=:F,(A)(10X/^0
. (3.9)
In the figures, /^(A) is plotted against k defined as
A: = (10X/L.)°-' . (3.10)
The choice of these coordinate labels is in anticipation that F^,{X) scales as L,,
and that, for the same ta^, kx, scales as oc lV'^TT''^ (cf. eqs. 2.5 and 2.8). They
make it easier to discern how the results vary with varying L*. Also, instead of
Fa is calculated in order to compare later with the observational data which are in
units of Janskies (Jy). To obtain the flux density Sx is calculated in the dust
emission model and convolved with the filter response of the particular
photometric system to obtain Fa first (cf. eqs. 3.6 and 3.8); then, making use of
Fa d\ = F^ dv, F^ is derived from Fa at the corresponding infrared wavelength A,
and is denoted by F^(A).
Figure 3.5 presents the emergent infrared fluxes at the four wavelengths of
interest for case 1 of the dust absorption coefficient appropriate for a carbon-rich
envelope. The immediate impression from this figure is that the dependence of
fu{^) on k is very insensitive to T* or once the envelope becomes optically thick
to the stellar radiation. At low values of the parameter k, corresponding to an
optically thin envelope, the fluxes are dependent on since the star is the main
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contributor to the emergent flux in that case. Larger values of k make the dust
envelope optically thick; the stellar radiation is first absorbed and then emitted at
longer wavelengths. As the opacity increases, essentially all the radiation from the
star becomes processed in the envelope, and a value of /.(A) points to a value of k
that is nearly independent of T, and L*.
At a wavelength of 2.2 /im, close to where the stellar spectrum peaks, the
envelope becomes optically thick at a value of A: ~ 2 x lO^^ cm, and /,(2.2 //m)
drops exponentially with further increase in opacity. The fluxes at 12, 25, and
60 rise as k is increased fromW cm. But then the envelope becomes
optically thick for 12 /im at /c -W cm, and henceforth /,(12 /xm) decreases due
to self-absorption in the envelope. At a wavelength of 25 fim the envelope begins
to turn optically thick at A; ~ 3 x lO^^ cm. The flux at 60 fim does not become
optically thick over the range of A; presented.
Calculations of the emergent fluxes were repeated with the same set of
parameters but for cases 2 and 3 of Qx for a carbon-rich envelope. Figures 3.6 and
3.7 present these results.
The general behavior of /^(A) with increasing k is similar to that in case 1.
Increasing the value of m decreases slightly the value of k, with respect to that in
case 1, at which the envelope becomes optically thick at 2.2, and 12 fim. Once
optically thick, the self-absorption at 2.2 or 12 //m grows stronger with increasing
m.
It is also seen from Figures 3.5, 3.6, and 3.7 that, while at small k ( < 10^^ cm)
the dispersion in f„{X) is produced by the variation in T*, the small dispersion in
f^{X) at larger values of k is primarily due to the variation in L*.
The results for an oxygen-rich envelope (shown in Figures 3.8 and 3.9) are
similar to those for the carbon-rich envelope. The weaker absorption of the stellar
continuum here at the same value of k produces a less steep drop of the emergent
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2.2 iim flux, and a slower rise of the emergent 12, 25, or 60 flux as k is
increased.
3.4 Infrared Colors
The results in the previous sub-section are not directly useful because the
distance d and the luminosity are, in general, not known. The ratio of the
specific flux at two different wavelengths, however, is a quantity that is
independent of the distance to the source. With the specific fiux calculated at the
four wavelengths of interest, six ratios are obtained: F,(12 ^im)/F,{2.2 ^m),
F,(25 iim)/F,{2.2 fim), F^GO //m)/F.(2.2 /xm), F,(25 /im)/F,(12 fim),
F,(60 fim)/F,{l2 iim) and F.(60 ^im)/F,{2b iim). The color for two fluxes F,{\^)
and F^{\i) is defined as
The behavior of these colors as a function of the parameter k are shown from
Figure 3.10 to Figure 3.15, one figure for each color. Each figure shows in the left
panel the results for case 1, case 2, and case 3 of the dust absorption coefficient for
a carbon-rich envelope and in the right panel the results for case 1 and case 2 of
the dust absorption coeflficient for an oxygen-rich envelope. In each panel the
dotted, solid, dashed, long-dashed and dot-dashed lines mark the results for the 5
chosen pairs of (L,, T,), namely, (lO'* L©, 2000 K), (10^ Lq, 2500 K), (10'^ L©,
3000 K), (10^ Lo, 2500 K), and (10^ Lq, 2500 K), respectively.
Colors that involve the 2.2 ^im flux (Figures 3.10 to 3.12) cover a broad range
of values owing to the increasingly strong absorption of the stellar radiation as the
envelope becomes more and more optically thick, and the very weak emission from
the envelope at this wavelength. As expected, with the 2.2 jim opacity increasing
with the power-law index m, the [12]-[2.2], [25]-[2.2], and [60]-[2.2] colors all rise
higher as m increases. At the same time, the very weak dependence of these colors
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Figure 3.5. Infrared flux parameter fu{^) as a function of k for case 1 of Q\ for a
carbon-rich CSE. Three of the five curves correspond to calculations with fixed
at 10^ Lq, and T, equaling 2000 K (dotted line), 2500 K (solid line), and 3000 K
(dashed line). The other two curves are calculated with = 2500 K and
equaling 10"^ Lq ( long dashed line) and 10^ Lq (dot-dashed line).
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Figure 3.6. Same as Figure 3.5 but for case 2 of Qx for a carbon-rich CSE.
Figure 3.7. Same as Figure 3.5 but for case 3 of Qx for a carbon-rich CSE.
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Figure 3.9. Same as Figure 3.8 but for case 2 of Qx for an oxygen-rich CSE.
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on T, and means that each color is a good diagnostic of A: ( for A: > lO^^ cm) if
m is known or vice versa.
In the optically thick regime, the values of these colors reached by a
carbon-rich envelope are much higher than those reached by an oxygen-rich
envelope. This is because, for the same value of k or 25 iim opacity, the 2.2 fim
opacity is substantially higher in a carbon-rich envelope.
The color [25]-[12], shown in Figure 3.13, has a similar but less strong
dependence on k or m, as compared with the earlier mentioned colors. This is, of
course, due to the closer proximity of the 12 and 25 /im wavelengths. As k is
increased at fixed m the color [25]-[12] rises gently, with the envelope emission
producing a stronger 25 fim flux (in comparison with the stellar emission), and
then more sharply once the envelope becomes optically thick at 12 ^lm. As m is
changed at a small k, the [25]-[12] color is lower at a larger m, as expected from
optically thin emission by the envelope. When k becomes large, the 12 /im opacity
rises faster for a larger m, and the resulting stronger self-absorption at 12 /im
causes the [25]- [12] color to be higher at a larger m, reversing the earlier trend.
For the carbon-rich envelope, over the range k > 2 x cm, when the
envelope becomes increasingly optically thick at 12 iim, the variation of [25]-[12] is
stronger with k than with m. Even if m is uncertain between 1 and 2, a given
value of [25]-[12] can determine k to within a factor of 2. A similar behavior is true
for the oxygen-rich envelope, but only at A; > 10^'^.
The behavior of the [60]- [12] color with varying A; or m is very similar to that
of [25]-[12]. It too, is very insensitive to the temperature and luminosity of the
central star.
The [60]- [25] color changes by a factor smaller than ten over the ranges of A;
and m calculated. This is largely because the envelope remains optically thin at
25 //m except for the highest values of A; calculated. It is interesting that for m = 2
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Figure 3.10. Infrared color [12]-[2.2] as a function of the parameter k for a car-
bon-rich (left panel) and an oxygen-rich envelope. Each set of 5 curves is calculated
with values of L* and that are noted in Figure 3.5. From bottom to top, the sets
in the left panel correspond to cases 1, 2, and 3 of Qx respectively for a carbon-rich
envelope, while they correspond to cases 1, and 2 of for an oxygen-rich envelope
in the right panel.
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Figure 3.11. Same as Figure 3.10 but for the [25]-[2.2] color.
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Figure 3.12. Same as Figure 3.10 but for the [60]-[2.2] color.
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Figure 3.13. Same as Figure 3.10 but for the [25]-[12] color. Here, the sets of curves
for the different cases of Qx cross one another. At A; < 10^"^cm, in the left panel the
sets, from top to bottom, correspond to cases 1, 2, and 3 of Q\ respectively, while
dX k > 10^'*cm the reverse order is true. In the right panel the sets at A; < lO^^cm
from top to bottom correspond to cases 1 and 2 of Q\ for the oxygen-rich envelope.
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Figure 3.14. Same as Figure 3.10 but for the [60]-[12] color. At A; < lO^^cm the sets
of curves, from top to bottom, correspond to cases 1, 2, and 3 of Qx, respectively,
for a carbon-rich envelope in the left panel, while they correspond to cases 1 and 2
of Qx for an oxygen-rich envelope in the right panel.
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Figure 3.15. Same as Figure 3.14 but for the [60]-[25] color.
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the envelope produces, at small k, a [60]-[25] color that is lower than that
produced by the star. Despite the dust temperatures in the envelope being lower
than the stellar temperature, which condition will favor 60 over 25 emission (in
comparison with the star), they are high enough (and more so for m = 2 since
T oc r2/(4+-) in the optically thin regime) for emission at 25 fim that this
advantage cannot compensate for the weaker emissivity at 60 {im. As a result,
unlike all the previous colors, the [60]-[25] color for m = 2 is below the stellar value
until A: is large enough that the cooler dust at the outer part of the envelope
produce an increasingly large fraction of the observed emission. The extent to
which this color is below the stellar value depends on R,, the outer radius of the
envelope. Increasing beyond 5 x IQi^cm will raise the [60]-[25] color for m = 2
because the dust at farther distance will produce a much stronger 60 than 25 irni
emission. Conversely, decreasing R^ below 5 x W^cm will reduce the contribution
from the cooler dust and lower this color further below the stellar value. This
effect of changing R^ is much smaller in the case of m = 1 or 1.5, primarily
because the dust temperature at the same position is lower than that in the m = 2
case, so the dust emission near Ro produces a lesser contribution in the first place.
At the lowest values of k, the infrared colors should approach those of a
blackbody at the temperature T*; however, the limiting values are slightly different
owing to the convolution of the emerging specific flux with the filter response for
the photometric system.
3.5 Color-color Diagrams
The flux ratios obtained from the model calculations can be combined in
color-color diagrams. Two fluxes in the far infrared and one in the near infrared
have been combined in two color diagrams: the color diagram 1 relates [60]-[12] to
[25]-[2.2]; the color diagram 2 connects [25]-[12] to [25]-[2.2]. Another color-color
diagram, color diagram 3, formed from far infrared fluxes, is also considered; it is
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formed by the colors [60]-[25] and [25]-[12]. In this color diagram Van der Veen
and Habing (1988) have located the different classes of CSE. Also, it has the
advantage of been formed by fluxes at the defined IRAS wavelengths, so a
consistent set of data may be used.
The three color diagrams for the carbon-rich envelope are shown in
Figures 3.16, 3.17, and 3.18 for cases 1, 2, and 3 of Q, and three different values of
of 103 (long dashed line), 10^ (solid line), and 10^ (dot-dashed line). In all
the calculations is fixed at 2500 K. Calculations of the infrared colors at fixed
= lO'^ Lq for of 2000 K and 3000 K are almost indistinguishable from those
with r, = 2500 K (solid line) and they are not shown. The tracks collapse at the
left side of the graph into the color of the central star whose fluxes have been
convolved with the respective filter responses. An increment in T, displaces the
origin point of the tracks to the left side of the graph. Connecting the diff'erent
cases of Qx are lines that indicate values of k equaling W\ 10^^ lO^'' and
10^^ cm. The eflfect of varying the power-law index is reflected in the almost
vertical shifting of the tracks in these color diagrams.
Similar calculations for oxygen-rich stars are shown in Figures 3.19 to 3.21 for
case 1 and 2 of Qx and three different values of of 10^ (dashed line), 10^ (solid
line), and 10^ Lq (dot-dashed line). In all the calculations was fixed at 2500 K.
Again, connecting the two cases of Qx are lines that indicate values of k equaling
W\ W\ 10^\ 10^^ and 10^^ cm.
In each color-color diagram the model results obtained from varying m and k
outline a certain region of space. This region is nearly independent of T* within
the range 2000-3000 K, and is only slightly aflPected by L*. Thus two observed
colors, or three observed monochromatic fluxes, will provide an estimate of both m
and k. In certain situations one single color may actually suffice to determine k.
For example, in an optically thin carbon-rich envelope {k < 3 x lO^^cm), the
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color diagrams 1 and 2 (Figs. 3.16 and 3.17) show that the color [25]-[2.2] is a good
estimator of k, since the lines of equal k in that regime are almost vertical.
Similarly, in a very optically thick carbon-rich envelope [k > W^) the color
[60]-[12] provides a good estimate of k by itself (cf. Fig. 3.16).
3.6 Applications of the Dust Emission Model
The results of the dust emission model have been applied to a collection of
evolved stars created from two sets of data. The first set is the sample of nearby
carbon-rich stars from Olofsson et al. (1993); the second set is the one studied by
Ivezic and Elitzur (1995) and it contains both carbon-rich and oxygen-rich evolved
stars.
The selected list of carbon-rich stars combines the carbon-rich objects from the
two sets mentioned above. The selected sample of oxygen-rich stars is formed from
those objects listed in Ivezic and Elitzur (1995). The photometric data of interest
for the carbon-rich stars is presented in Table 3.1 and for the oxygen-rich stars in
Table 3.2. Olofsson et al. (1993) report the fluxes at 2.2, 12, 25, and 60 /im for
their list of carbon stars. The observed infrared fluxes for the stars listed by Ivezic
and Elitzur (1995) are gathered from the IRAS catalog at 12, 25, and 60 and
from Gezari et al. (1987) at 2.2 fim.
Figures 3.22, 3.23, and 3.24 present the selected data on carbon-rich stars
(open circles) in the color diagrams 1,2, and 3 respectively. The tracks marked by
solid lines in these figures correspond to model results with T* = 3000 K and
L* = 10^ Lq for cases 1,2, and 3 of Qx- The traversing dot-dashed lines connect
the three emissivity cases at the same value of k equaling, from left to right, 10^
^
10^^, lO^-^, and 10^'* cm respectively.
Calculations have been repeated for the same T*, and cases 1 and 2 of Qx
for oxygen-rich stars. The results from the model calculations (solid lines) and the
data (open squares) are shown in Figures 3.25, 3.26, and 3.27 for color
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Figure 3.16. Color diagram 1 for = 2500 K and L, of 10^ (long dashed line), 10^
(solid line), and 10^ Lq (dot-dashed line). For the same type of line, the top, middle,
and bottom curves oriented diagonally represent cases 1, 2, and 3, respectively, of
Qx in a carbon-rich envelope. Traversing these curves are lines that, from left to
right, indicate values of A: equaling 10^^ 10^^, 10^^, 10^^, and 10^^ cm respectively.
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Figure 3.17. Same as Figure 3.16 but for color diagram 2.
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Figure 3.18. Same as Figiiro 3. Hi but for color diagram 3.
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[25] - [2.2]
Figure 3.19. Color diagram 1 for case 1 (top branch), and 2 (bottom branch) of Qx
for an oxygen-rich envelope for T» = 2500 K and of 10^ (long dashed line), 10'^
(solid line), and 10^ Lq (dot-dashed line).
0 2 4
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Figure 3.20. Same as Figure 3.19 but for color diagram 2.
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Figure 3.21. Same as Figure 3.19 but for color diagram 3.
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diagrams 1, 2, and 3 respectively. The traversing dot-dashed lines connect the two
emissivity cases at the same value of k equaling, from left to right, W\ W^, 10^3,
10l^ and IQis cm.
For carbon-rich stars, Figures 3.22 and 3.24 show that some of the data points
are located far from the model tracks. The observed colors related to the 60 //m
flux, in particular, are substantially higher than the calculated values in the
optically thin regime (as indicated by the [25]-[2.2] and [25]-[12] colors that are
close to the unattenuated stellar values), suggesting a systematic excess in the
60 fim flux. This may be a result of possible contamination of the observed 60 fim
flux by infrared cirrus or an indication that the infrared emission is produced in a
detached dust shell; both cases are not covered by the present dust emission
model. Excluding the carbon-rich stars with a large excess in the 60 jim flux.
Figures 3.22 to 3.27 do show a fair agreement between the data and model results
for the different cases of Qx and k.
One may notice that in color diagram 1 (Figure 3.22), there are few carbon
stars between the tracks for cases 2 and 3, while in color diagram 2 (Figure 3.23),
which does not include the 60 fim flux, the majority of the carbon stars lie
between the three tracks. This result suggests that the model calculations can be
more compatible with observations by maintaining the same range of emissivity
law for A < 25 //m, but not for A > 25 fim. Accordingly, cases 4 and 5 of Qx
(cf. Table 2.1) are introduced to try to fit the data better. Together with case 1,
they form a set in which the power-law index m takes on the values of 1.0, 1.5 or
2.0 for A < Ao = 25 /im, but is fixed at 1.0 for A > 25 fnn.
Using cases 4 and 5 for Qx, calculations of the emergent fluxes are obtained for
the envelope of a star with T* = 2500 K and L* = 10'* Lq. Then results are
plotted in the color diagram 1 (upper panel) and the color diagram 2 (lower panel)
in Figure 3.28. It is seen that in color diagram 1 the cases 1, 4, and 5 encompass
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[25]-[2.2]
Figure 3.22. Infrared colors of observed carbon-rich stars (open circles) in the color
diagram 1. The solid lines are the calculated values for T* = 3000 K, — 10'* Lq
and cases 1 (upper curve), 2 (middle curve), and 3 (bottom curve) of Qx for a
carbon-rich envelope. The dot-dashed lines, from left to right, mark values of
constant k equaling 10^ ^ 10^^, 10^"^, and 10^'^cm respectively.
-20246
[25]-[2.2]
Figure 3.23. Same as Figure 3.22 but for color diagram 2.
Figure 3.24. Same as Figure 3.22 but for color diagram 3.
51
— I 5 ' ^ ^ ' ' ^ ' ' ^ ' I I I I
'
-2 0 2 4
[25]-[2.2]
Figure 3.25. Infrared colors of observed oxygen-rich stars (open squares) in the color
diagram 1. The solid lines are the calculated values for = 3000 /\ , = 10^ Lq
and cases 1 (upper curve) and 2 (bottom curve) of Qx for an oxygen-rich envelope.
The dot-dashed lines, from left to right, mark values of k equaling 10^^, 10^^,
10^^,10^'^, and 10^^ cm respectively.
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Figure 3.27. Same as Figure 3.25 but for color diagram 3.
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more closely the observed data than cases 1, 2, and 3, while in color diagram 2
there is only a small difference between the two set of results. Thus, for A < 25/m
the power-law index should be in the range 1.0 < m < 2.0, while for A > 25/im the
range is 1.0 < m < 1.5.
In all of the preceding calculations, a constant dust-to-gas mass ratio has been
assumed; however, due to processes of condensation and grain growth, this factor
may change with position. For this reason, a dust-to-gas mass ratio, /(r), that
depends on r as
f{r) = f {1.0- exp{~ijr/R,)), (3.12)
has been tried. Here, / is the terminal value of the dust-to-gas mass ratio, and
is the interior radius of the dust envelope. The parameter 7] has been set to 0.5 and
the calculations repeated for case 1 and case 2 of Qx for a carbon-rich envelope.
They are designated case 1' and case 2' respectively. The results for = lO"^ Lq
and r, = 2500 K are shown in Figure 3.29. and compared to those for which the
dust-to-gas mass ratio is held constant. It seems that the difference is small, with
the tracks for cases 1' and 2' being slightly above the tracks for cases 1 and 2.
From the four observed fluxes at 2.2, 12, 25, and 60 jim three independent
colors may be created: [60]-[12], [25]-[12], and [25]-[2.2]. They constitute a
tridimensional space wherein the data and the results can be displayed. In this
space, the comparison between model results and data is more stringent than that
produced in the two-dimensional projection illustrated so far. Figure 3.30 shows a
tridimensional color plot. The lines represent cases 1, 2, and 3 of Qx for a
carbon-rich envelope with T* = 2500 K and L* = 10^ L©. The results create a
surface in the tridimensional color space. An observed object will have a good fit
to the model when the point that represents it lies in this surface. This fact
requires a tighter fit between model and data.Therefore, the two-dimensional color
diagrams are not as sound as a simple tridimensional color plot.
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Figure 3.28. Color-color diagram 1 (upper panel) and color diagram 2 (lower panel)
for the different cases of Q\ of a carbon-rich star. From top to bottom the solid
lines correspond to cases 1, 2, and 3 and the dotted lines to cases 4 and 5. The
dash-dotted lines connecting the solid lines make the points where the parameter k
equals 10' ^ lO'^^ 10'\ and W^cjn.
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[25]-[2.2]
Figure 3.29. Color-color diagrams for the dust-to-gas mass ratio, /, depending on
position. The dotted lines show case 1' and 2' (top and bottom) respectively oi Qx
with / depending on position. Solid lines present cases 1, 2, and 3 (top to bottom)
of Q\ with constant / for a carbon-rich envelope.
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In Figure 3.30, one might notice the relative positions for the data of
carbon-rich (crosses) and oxygen-rich stars (diamonds) with respect to the surface
created by the model results. Compared to the two-dimensional plot where both
types of stars seem to bunch together, the color space shows that they occupy well
separated regions. Thus, the data representation in a tridimensional color space
enhances the different properties of the two types of stars.
In reality, the comparison of the model results to the data should be based on
the agreement between the observed and calculated spectrum. Unfortunately, it is
cumbersome to show this for a large number of data. Nevertheless, one can see if
the model calculations can cover the range in shape of observed spectra. To
compare the calculated spectrum from the model to the one observed, a graphical
method of representation has been tried; it presents the fluxes at the four
wavelengths of interest normalized to the flux at 60 iim. Figure 3.31 shows some of
the data from the carbon-rich star sample (left panel) and the results from the dust
emission model (right panel) with T, = 2500 K and = 10'* Lq. For the purpose
of visualization, the fluxes at the specified wavelengths have been connected by
smooth curves fitted by a cubic spline method. The solid line, short dashed line,
and long dashed line of the model results correspond to cases 1, 2, and 3 of Qx
respectively. Each type of line from top to bottom presents values of k equaling
W\ 10^^ 10^^ 10^^ and 10^^ cm. The corresponding plot for the oxygen-rich stars
is presented in Figure 3.32. Here the solid line and the dashed line of the model
results correspond to cases 1 and 2 of Qa, respectively, for an oxygen-rich envelope.
This form of representation provides another way to compare the model results
with the data that is not possible from the color-color diagrams. For example, the
curves connecting the results from the model, as well as the ones connecting the
data, cross each other for different values of k and different cases of Qx] there is
not a monotonic behavior of the spectra as a function of these variables. Also,
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Figure 3.30. Data and model results in a tridimensional eolor diagram.
59
from direct examination of the spectrum, these graphs allow us to estimate the
range of potential values for A; and the possible form for Q^.
3.7 The Efficiency of Momentum Transfer
The efficiency of momentum transfer from the radiation field to the grains can
be estimated from the dust emission model. This is an important quantity in
modeling the gas emission because the gas is heated by the drag force between the
dust and the gas. Therefore, this parameter connects directly the dust absorption
properties to the gas emission.
The momentum absorption efficiency Q, can be defined as
'2 =
-jf5ldr- (3.13)
where 5a is the monochromatic flux that includes the radiation from the central
star as well as from the dust in the envelope and Qx is the dust absorption
coefficient. The absorption efficiency depends on the position r on the envelope
since the flux 5a continuously changes as the radiation is processed by the dust.
However, Q reaches a constant value for the outer layers of the envelope.
Figure 3.33 presents Q{r)/QQ as a function of r for case 1 of Qx for a carbon-rich
star (cf. eq. 2.2). The lines, from top to bottom, present the results for k equal to
10^\ 10^^ and 10^^ cm. The central star has L, = lO'^L© and T, = 2500 A'. This
figure indicates a rapidly decreasing Q with radius for large values of k
(> lO^^cm); nevertheless, it attains its limit value at regions where the radio line
emission of CO is produced and from there, it remains constant through the rest
of the envelope.
Figure 3.34 shows Q{r — Ro)/Qo as a function of the parameter k for cases 1
(bottom branch), 2 (middle branch), and 3 (top branch) of Qx for a carbon-rich
envelope. The curves present the results for T* of 2000 K (dotted line), 2500 K
(solid line) and 3000 K (dashed line), at a fixed L* = 10^ Lq. This figure shows
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X [/xm]
Figure 3.31. Photometric data (left) and model results (right) for carbon-rich stars.
At the right panel the solid line, short dashed line, and long dashed line connect the
model results for cases 1, 2, and 3 of Qx respectively.
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A [fim]
Figure 3.32. Photometric data (left) and model results (right) for oxygen-rich stars.
At the right panel the solid line, and short dashed line connect the model results
for cases 1 and 2 of Qx respectively.
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Figure 3.33. The efficiency of momentum transfer as a function of position for
case 1 of Qx in a carbon-rich envelope. From top to bottom, the hues represent
an envelope with k of 10^^ 10^^, and 10^^ cm respectively. The central star has
parameters T* = 2500 K and L* = 10"* Lq.
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that for optically thin case ( k < cm) Q/Q, is sensitive to T. since the stellar
radiation dominates the emergent spectrum. When the envelope is optically thick
{k > 1013 cm), Q/Qo becomes independent of T, because all of the radiation from
the central star is rapidly processed by the envelope.
Figure 3.34 also shows Q(r - R,)/Q, as a function of k for different
luminosities of the central star. Calculations have been repeated for cases 1, 2, and
3 of Q, and of 10^ (long dash line), 10^ (solid line), and IO^Lq (dot-short dash
line) at a fixed T, = 2500 K. The curves representing the results lie on top of each
other since Q{r = Ro)/Qo shows no dependence on L, for any k.
From these results, it can be concluded that Q{r = /?„)/Qo depends on the
dust properties k and Qa, but is independent of the physical parameters for the
central star and T*. Although there is a slight dependence on for the
optically thin case {k < cm), the difference is less than a factor of 2 for in
the range 2000-3000 K.
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Figure 3.34. Efficiency of momentum transfer from the radiation to the dust as a
function of k for different and (see text). The same type of lines from bottom
to top represent cases 1,2, and 3 of Qa-
Table 3.1. Sample of carbon-rich stars.
Name F^[2.2 fim)
[Jy]
F^(12 (im)
[Jy]
F^(25 yum)
[Jy]
( 60 /im)
[Jy]
RAFGL 190 0.1 139.9 206.1 64.7
RAFGL 341 0.1 173.1 159.5 42.2
RAFGL 482 10.0 146.0 91.2 23.3
IRC+50096 84.6 535.2 198.7 39.8
RAFGL 618 0.1 470.8 1106.3 1035.6
RAFGL 809 228.7 196.0 127.1 34.2
RAFGL 865 15.7 319.6 225.6 55.9
RAFGL 1235 40.9 347.1 155.0 31.5
CIT 6 208.6 3319.4 1218.9 273.6
RU Vir 310.0 229.8 69.2 13.7
RAFGL 1922 10.0 793.2 497.7 118.4
RAFGL 2135 13.2 685.0 264.6 70.1
IRC+20370 112.6 533.8 238.9 60.1
VI 129 Cyg 44.0 325.0 170.2 39.0
X Cyg 3186.7 1687.5 459.0 80.7
RAFGL 2494 10.0 338.4 260.1 59.9
IRC+00499 164.2 307.8 115.9 22.4
IRC+40485 96.2 257.2 94.2 20.5
RAFGL 3068 0.48 706.7 775.6 248.5
RAFGL 3099 1.0 190.3 142.1 30.3
IRC+40540 64.7 959.1 469.1 111.6
VX And 272.0 52.8 15.4 4.0
AQ And 166.0 25.7 7.4 3.8
HV Gas 104.0 66.9 23.9 5.0
IRC+60041 132.0 139.8 40.3 8.7
Z Psc 302.0 33.5 11.3 3.2
R Scl 613.0 162.1 82.1 54.4
R For 244.0 254.0 75.3 15.7
V623 Gas 244.0 38.0 8.7 2.7
TW Hor 569.0 101.2 40.1 7.3
V384 Per 207.0 535.0 198.7 39.6
U Cam 444.0 120.7 40.9 16.6
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Table 3.1 Continued
IN ame
r T,,i[JyJ
F^(12)t/m)
[Jy] [Jy] [Jy]
V4DD rer 253.0 54.1 17.0 6.1
o I r er 1U2.U 21.7 7.3 2.3
Vjrl rer 1 y| A A140.0 45.7 14.5 3.9
o i <^am /I AO A428.0 95.0 26.6 6.3
i i iau OTA A270.0 33.2 10.7 6.5
Vo4d Aur 1 y< O A148.0 16.6 7.8 2.4
rv Lep C CiO Ao9d.O 379.5 116.3 25.9
Jtl/JL Aur 153.0 33.6 11.0 3.0
vv uri O C y1 A854.0 183.8 51.6 14.0
V4oi Uri llD.O 35.5 10.3 3.4
U V Aur IOC r»125.0 69.4 20.6 3.3
o Aur 140.0 1 r* 1 A161.9 41.3 9.5
PT Hv!ivi uri lD< .0 23.3 7.5 2.2
\A/ p;^W ric 231.0 56.3 16.9 5.0
i U iau 1 cn n150.0 o cr o35.2 9.2 2.6
V TonI iau 440.0 1 /( O A143.9 r' A A50.8 13.0
r u Aur linn1 iU.U 13.
o
A A4.4 1 A1.4
TTT Pom ocii nzoi.U (0.3 OA C20.6 5.3
r u ivion 1 /1 7 n14/.
0
1 7 O17.0 A O4.8 1.6
rJL Uri 310.0 44.5 14.0 3.9
pp iDD.O 39.4 16.3 3.6
U U Aur 1 01 O M1212.0 OOO 1232.1 71.1 18.4
MP P , , »^iNr rup oon n280.0 3d.O 1 O A12.9 A A4.0
L/L Mon 143.0 1 1 o o113.3 OA A30.0 7.3
PV Mnnrvv ivioii 997 n "^1 9Oi .z o.D 9 nz.u
RY Mon 322.0 58.9 17.0 4.9
W CMa 246.0 39.1 16.5 3.5
R Vol 164.0 202.9 74.9 13.7
HD65424 138.0 18.1 5.0 1.9
RU Pup 106.0 22.0 7.1 1.8
FK Pup 192.0 49.0 14.7 4.3
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Table 3.1 Continued
Name FJ2 2 am)
fJvll^J J
F n 9 iim \ ry(60 fjim)
[JyJ
UZ Pyx 122.0 0.0 i.y
X Cnc 478.0 QD 1 91=; ^ D.y
T Cnc 275.0 61 ^ 1 R ^iD.O Q 70. 1
CW Leo 174.0 47525 0 ^ouuy .u ODOZ.U
X Vel 376.0 88 6 K Qo.y
SZ Car 160.0 24.8 Q 1 A fi
'i.D
AB Ant 163.0 24 1^ X a J, o.u 1 fti .0
RW LMi 229.0 3320 0 Z / tj.D
XZ Vel 194.0 52.3 16 ^
CZ Hya 158.0 52.3 19 8 70.
1
CCS2792 205.0 62.5 19 5 4 8
U Ant 1008.0 167.5 44 8 9fi S
U Hya 1168.0 205.5 72.4 1 7 0
VY UMa 376.0 51.9 14 0 4 7
V Hya 911.0 1107.0 458.8 98 4
RR Mus 106.0 15.0 6.5 2.0
RS Mus 103.0 19.0 5.4 1.3
SS Vir 376.0 91.7 28.6 5.7
Y CVn 1280.0 276.3 70.3 17.0
CCS3284 160.0 36.2 10.5 2.7
RX Cru 151.0 46.4 13.1 3.3
RY Dra 491.0 108.4 31.1 8.0
RV Cen 133.0 36.5 12.7 3.3
HD121658 175.0 31.4 10.7 5.1
HD124268 310.0 53.3 14.0 4.4
Z Lup 102.0 14.2 4.4 1.1
X TrA 1095.0 201.0 57.0 14.5
U Aps 122.0 28.4 7.5 2.0
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W] a Tin £i
r^(z.z /im)
r T,,i[JyJ
jr;y(lz fim)
[Jy]
F425 /im)
[Jy]
F,{60fim)
[Jy]
V PrRV KjTD oi 1 nzii.U 104.5 32.3 6.2
V wpn 1 lA ni /4.U 29.1 8.4 2.0
O U oCO zoo.U 42.2 13.2 3.7
vyOOOUo iDo.U DO.O 22.0 3.6
1 vv wpn 430.
U
90.0 25.8 6.7
144. 0/ .3 11.2 3.8
O/v OCO 104. 00 1zo.i 0 08.3 4.5
1 ly Id. 1 0R nIZD.U 190.9 66.1 15.5
TV OnVii I wpn 1 1 7 n1 1 / .u z3.z 7.8 2.1
T T vrJ. Liyr 4:10.1) yz.o oi.z 5.8
loy.u Zz.o /.o 2.0
JCXV OCl QQ nyy.u io.U 0. ( 5.9
S Srt •^Vfi no < o.u 00.4 it .6 y.z
TRf! -1-004(19 1 n1 0 1 .u ft8 900.
Z
AR 040.
Z
on c:ZU.O
TIV Anl 1 fiO 0iUU.U 9^ 8ZO.O 7 ^1.0 Z.D
V Anl 717 0
( 1 ( .u 1 /IQ Qi4y .y Q7 Q0/ .y 110ii.Z
rn Vni 1 91^ 0IZO.U 07 fiZ ( .0 Q 10.1 0 7Z. /
VI Q49 Clo-rV iy^z ogr ZOl.U ou. 1 7 0 0.0
UX Dra J^M 0 4 7
AW Cyg 109.0 22.4 6.5 2.2
AQ Sgr 307.0 56.7 18.8 5.6
TT Cyg 109.0 15.9 4.2 3.4
AX Cyg 167.0 35.8 9.7 3.0
XSge 117.0 16.8 5.9 2.2
SV Cyg 117.0 17.6 5.3 1.8
RS Cyg 227.0 24.8 8.4 3.0
RT Cap 380.0 73.0 20.7 4.3
Continued Next Page
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[Jvl
1,(25 //m)
L-Jyi
F^(60 fim)
UCyg 240.0 112.6 35.8 8.4
VCyg 654.0 664.7 234.2 48.7
RV Aqr 164.0 307.8 115.9 22.2
T Ind 334.0 47.2 13.3 4.6
Y Pav 487.0 72.4 26.9 6.9
V1426 Cyg 203.0 257.2 94.2 20.3
S Cep 559.0 383.2 132.6 28.8
V460 Cyg 510.0 76.1 21.3 9.0
RV Cyg 452.0 102.7 31.6 11.3
PQ Cep 229.0 138.0 41.6 9.3
LW Cyg 144.0 22.9 6.7 1.9
DG Cep 119.0 18.9 5.8 2.8
TX Psc 1269.0 162.9 39.8 11.7
WZ Cas 401.0 43.9 13.6 3.8
Table 3.2. Sample of oxygen-rich stars.
Name FJ2 2 am)
I" J J [JyJ
IRC+40004 61.8 475 ^ OZ4.U 00.
u
T Cas 1902.6 427 fi 1 7ft fti I o.o O/l A
IRC+10011 107.5 1 1 55 "\ yo ( .0 zio.z
OH127.8-0.0 1.1 289 0 1 Q/1 n
BD+44398 1751.2 499.1
Mira 10649.8 4880 9 2260 Q ^nn ft
CIT4 52.4 481.2 314 0 4'i ft
IRC-30023 226.6 419.2 255.4 34 4
IK Tau 1657.1 4633.5 2377 4 332 1
V Eri 757.4 326.4 183.6 23 6
IRC+50137 59.6 226.9 274.2 72 4
R Aur 1497.4 459.3 183.2 22.6
IRC+60154 63.6 328.0 172.4 25 6
IRC+70066 151.1 801.4 407.5 52.2
IRC+60169 186.8 296.3 213.3 45.7
GX Mon 288.0 601.3 359.7 105.7
VY CMa 1189.4 9919.4 6651.0 1453.3
Y Lyn 998.5 121.9 64.2 11.5
RS Cnc 3043.3 479.9 208.7 32.6
R LMi 1115.2 425.9 175.7 26.0
IW Hya 100.8 605.0 495.7 71.5
R Leo 5487.1 2160.9 654.0 114.8
R Crt 2086.1 637.8 307.7 49.7
RT Vir 1539.4 462.2 225.6 39.3
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Table 3.2 Continued
Name FJ2.2um)
[Jy]
L */ J
FJl2um)
fJylI J J
F,i25 um)
fJvl
F ((\0 ii'm\
SW Vir 3559.1 681.0 340.1 49.5
R Hya 6358.3 1591.0 586.2 90.1
W Hya 10948.2 4200.4 1189.1 194.9
RX Boo 3975.0 846.5 419.3 69.2
RS Vir 190.3 108.6 62.2 11.9
WX Ser 75.7 234.6 150.4 18.4
X Her 1902.6 484.5 241.4 39.4
RAFGL 2199 59.6 299.3 317.4 76.5
OH26.5+0.6 3.0 359.8 633.8 463.0
OH30.1-0.7 0.001 111.1 279.9 237.0
RR Aql 343.0 332.2 150.9 27.5
IRC- 10259 115.7 1255.2 1060.7 215.5
EP Aqr 2626.3 637.4 320.7 47.1
TW Peg 1125.5 262.0 152.2 21.6
SV Peg 1045.4 264.7 146.2 23.6
R Cas 3430.4 1340.7 554.6 102.8
Chapter 4
The Circumstellar Gas and Dust Emission
Models
4.1 Introduction
In this chapter the relationship between the gas and the dust emission models
from CSE is studied. The infrared colors formed from the observed 2.2, 12, 25, and
60 iim fluxes of a CSE can yield estimates of the dust emissivity law (through m)
and the parameter k. The latter, however, is a product of {M/vt), {f/apgr), Qo,
and (10Uq/L*)0 ^ With / and Qo potentially having a wide range of values, the
desired parameter M may not be directly derivable from k. To obtain more
information on {f/apgr) and Qo, the gas emission of a CSE is examined here. The
CO line intensity and profile from a CSE depend on the dust parameters because
the gas is heated by its collisions with the dust grains as the latter are pushed
outward by radiation pressure. In addition, the CO line profile yields Vt directly.
The outline of this chapter is the following: first, the highlights of the CO
emission model from CSE (Kwan and Webster 1993) are presented. Then, a
comparison is made of the information derived from the gas and dust models. The
results are then applied to a sample of carbon-rich evolved stars observed by
Olofsson et al. (1993).
4.2 The Gas Emission Model
Modeling the CO radio line emission from a circumstellar envelope is a
well-established procedure used to estimate the mass-loss rate of an evolved star.
However, modeling individual envelopes may be a time consuming and
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unnecessary task when a large sample of objects is involved. Kwan and Webster
(1993) have calculated the CO J = 1 ^ 0 and 2 1 line emission from CSEs for a
wide variety of values for their physical parameters. These parameters include the
mass-loss rate, the CO relative abundance, the distance to the CSE, and the
coefficient Q for the heating by gas-dust collisions. From the results of their
calculations, they establish two expressions that relate these parameters to the
intensity at the center of the line and the profile shape.
The first expression relates the intensity and shape of the CO J J - 1 line,
for J = 1 and 2, to the parameter z{J) defined by
zU) = i ^ \(\CmHl\(lQkms~'
V3 X 10-6 Mo yr-i ) V3.2 x 10"^ '
'
/900pcxA(J)\
where M is the gas mass-loss rate, [CO]/[H2] is the CO relative abundance, Vt is
the terminal velocity of the gas, d is the distance to the envelope, 9b{J) is the
angular resolution of the telescope in arc-seconds (") for the transition J J - i,
and A{J) has the values A(l) = 46" and A(2) = 23.5".
The value of z( J) is determined from the observed on-source central intensity
T\ and the shape parameter x of the hne profile (cf. eqns. [9] and [12], and Figs. 5
and 7 of Kwan and Webster 1993). The parameter x is defined as the ratio of the
line intensity at v = 0.7bvt to the intensity at line center {v = 0) in the reference
frame of the star. It ranges between 0.4375 for a very optically thick line (parabolic
shape), to greater than 1.0 for an optically thin line (flat to double-peaked shape).
The second expression defines the parameter y{J) for the CO J J - 1
transition, for J = 1 and 2, as
with
(^(1) = 1.6 + 6.2(.T - 0.5) - 27.3(.x - 0.5)^ + 55{x - 0.5)^ - 36(x - 0.5)^ + B
,
(4.3)
and
S{2) = 2.0 + lM{x ~ 0.5) - 4(x - 0.5)2 + 5.83(x - 0.5)^ + B
In both cases B is given by
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(4.4)
lln2j^^^l,3:^TT0^^-^;7—j • (4-5)
From their results, Kwan and Webster found a correlation between y and the pair
(z,x) for a given value of B (cf. Figs. 11 and 12 of Kwan and Webster 1993).
The parameter q in equation 4.2 is given by
\ap,J\ vt )[2xWLq) Is X 10-3 j ' ("^-^^
where a is the radius of the grain (assumed to be spherical), pg, is the density
within a grain, / is the local dust-to-gas mass ratio, is the luminosity of the
star, and Q is the efficiency of momentum coupling between the dust and the
radiation. The parameter q is related to the temperature gradient of the gas
produced by the dust-gas collisional heating:
— idust) DC ^ . (A 7)
dr^ ' r^M/vty/^ ^ '
The results from the gas emission model are used in the following way: from
the observed on-source CO J -> J - 1 profile, the central intensity T\ and line
shape X are obtained; then, from these values the parameter z{J) is determined.
After assuming a value for B (equation 4.5), the corresponding y{J) is estimated.
The parameter q is then found from equation 4.2.
4.3 Putting the Dust and Gas Emission Models Together
In this section, the gas and the dust emission models of circumstellar envelopes
are combined in an effort to obtain more information on the physical properties of
the envelope.
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The main outcomes from the gas emission model are the parameter z{J) and
y{J), while the dust emission model produces information on m, k and Q/Qq.
Because both models share m common several physical variables, the parameter
z{J) from the gas model can be expressed in terms of some parameters from the
dust model. Thus, from equations 4.1, 3.10, and 2.6, z{J) may be written as
where
a{J) = ( l±P9Al \C0]im \(l^l^-1
.104 VlO~'/y V3-2X 10-4
^900pcx A(J) \ / 6.5 X 10- 3'
The parameter a{J) contains the factors ((900 pc)^ L^/cP IOUq)^^
lQkms~^/vt, and A{J)/dB{J) in addition to the factors (apg./lQ-V),
([CO]/[//2]/3.2 X 10-4) and (6.5 x 10-VQo)- The values for each of the first three
factors are either known quantities or they may be estimated from the data. The
value for Vt is obtained directly from the CO profile and A{J)/dB{J) is fixed by
the telescope used. An estimate oi p = {"^mpcfL^dP lOU© is obtained by fitting
a smooth curve to the observed fluxes at 2.2, 12, 25, and 60 ^,m and then
integrating over wavelength.
Accordingly, a parameter z*[J) is defined as
z{J)
z*{J) =
.0.5
( A{J) \ ( l%kms-^ \ / (900 pc)2xL. y
\eB{J)) \ Vt )\ (PxIQ^Lq )
( M \ ( [C0]/[H2] \ f lQkms-
V3 X lO-6M0?/r-V \3.2 X 10-V \ vt
X
( )
• (4.10)
Hence
.•(7) = 2.181aV)(^), (4.11)
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and
.(J. _ (
apg,\ ([C0]/[H2]\ /6.5 X IQ-^X
The parameters z{J) and k are obtained by applying the gas and dust models to
the CO and infrared observations respectively. In turn, these two values provide
an estimate of a* {J).
The parameter y{J) from the gas model is a convoluted quantity that is
connected to the physical variables of the dust model through the parameter q.
However, it is possible to find a relation between y from the CO model and the
ratio Q/Qo from the dust model. Thus, from equations 4.2 and 4.6, the parameter
y can be written as
where
V a Pgr A vt )\2xWLq) VSxlO-ay
Again, by using the information that is available from the CO profiles and
infrared data to obtain the factor ((900 pc)^ L^/(f 10'' L©), (16 kms~^/vt), and
{A{J)/9b{J))
,
a new parameter y*{J) can be defined as
y*(J) = ;
^^'^^
,,3/2 (4.15)
(l6krnsz±\ ( L, / QOOpcV \ / A(J) \^
\ Vt J \^2xl04Lo \ d J J \9b{J))
Then
with
Since 6 ~ 2.0, the dependence of e* on distance is only to the first power. Thus,
both e(J) and e*(J) will provide an estimate of {f/apgr) and Qq. However,
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because of their explicit dependence on the distance, they are not as sound as a{J)
and a*{J).
4.4 Application to Evolved Carbon-rich Stars
In the following section, the outcomes from the gas and dust models are
applied to a sample of objects selected from the list of carbon stars observed by
Olofsson et al. (1993). Their list contains 120 bright carbon stars (K = 2 mag) in
the vicinity of the Sun. CO J = 1 -> 0 emission is observed in 62 of these stars
and J = 2 ^ 1 in 64 of them; there are 57 stars with detected CO emission in
both transitions. They report, among other data, the profile, terminal velocity of
the gas, and line center intensity. They also list the infrared flux at 2.2, 12, 25,
and 60 fim and the estimated distance to each object. For many, but not all, of
the objects with observed CO emission, the line shape parameter, 7, is also
presented. This parameter is obtained after fitting a "soft parabola" to the profile
(Margulis et al. 1990):
TM = T.[l-[^)y" (4,8)
where is the stellar velocity with respect to the Sun. The relation between the
line shape parameters x and 7 is thus given by
a: = (1 - (0.75)2)^/2
_ ^^^g^
To test the results from the dust and gas emission models, a sample of 19 stars
is selected from the original list of Olofsson et al. (1993). The chosen stars have
detected CO emission in both J = 2 —^ 1 and 1—^0 emission, reported CO
profiles, line shape parameters (7), and infrared fluxes at 2.2, 12, 25, and 60 ixm.
Stars with detected CO emission but without reported 7 values are not amenable
to analysis by the gas model and therefore are not included in the sample. In
addition, these stars are required to lie in the regions of the color diagrams 1 and 2
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that are described by the dust model results, so the dust parameters k and m can
be estimated for these stars. Figure 4.1 shows the observed colors for the selected
carbon stars (see Table 4.4) and the dust model results. Calculations with models
1, 4, and 5 are applied here, as they bracket the observed data better.
Table 4.1 lists the observed data for each of the selected carbon stars. The first
column contains the name of the object in alphabetical order. For the rest of the
columns each object has two entries; one for each transition of CO that is
identified in the third column. The telescope used, the reported line shape
parameter (7), line center intensity {T\{K)) and terminal velocity of the gas {vt)
are listed in the second, fourth, fifth, and sixth columns respectively. In column
four, an asterisk (*) indicates that 7 has been held constant to that value in fitting
a soft parabola to the observed profile. A colon (:) in the fifth and sixth columns
indicates an upper limit. The angular resolutions of the telescopes used in the
observations are shown in Table 4.2.
The gas emission model is applied to the selected sample of carbon stars and
the results are shown in Table 4.3. The line shape parameter x, calculated from 7
using Eq. 4.19, is shown in the third column. The fourth column contains the
parameter z{J). Column five presents the parameter 2* (J) and column six the
factor p = (900 pc)^ L^/d"^ lO'*!©. Column seven shows the parameter y that is
determined only for the J = 1 0 transition. The value of y for the
observational data is derived in the following way: from the CO J = I ^ 0 profile
the parameter z{l) is obtained. Using the relation between y and the pa,ir{z,x) for
the CO J = 1 0 transition (cf. Figure 11 of Kwan and Webster 1993), y(l) is
derived assuming that [C0]/[//2] = 3.2 x lO"'* and Vt = 16 kms~^. Adopting a
value of [C0]/[//2] = 6.4 x 10"'' leads to a value of y{l) that is different by less
than 25 % .
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[25]-[2.2]
Figure 4.1. Comparison between the dust model results and the selected nearby
carbon stars with detected CO emission. Solid circles mark the observed colors of
the carbon stars in Table 4.4. The lines describe, from top to bottom, model results
for cases 1, 4, and 5 of Q\ for a carbon-rich envelope.
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^'^'''f'^"^^^'
°f ^^^bon stars with detected CO emission in the solarneighborhood (Olofsson et al. 1993).
Name Telescope Trans 7 n
[K] [km/s]
CCS2792 SEST 1-0 1.30* 0.07
L 'J
15.2
SEST 2-1 1.00* 0.15 16.5
CL Mon SEST 1-0 0.60 0.07 25.2
IRAM 2-1 0.40 0.72 22.9CW Leo SEST 1-0 0.70 10.73 14.4
SEST 2-1 1.40 25.40 13.7
CZ Hya SEST 1-0 0.30* 0.06 11.6
SEST 2-1 1.00* 0.22 15.5
HV Cas IRAM 1-0 1.00* 0.26 14.0:
IRAM 2-1 0.80 0.40 17.4
RT Cap SEST 1-0 0.70* 0.05: 7.8:
SEST 2-1 0.70 0.15: 7.8:
RV Aqr SEST 1-0 0.40 0.31 14.0
SEST 2-1 1.40 0.75 15.7
RW LMi OSO 1-0 0.30 2.60 15.4
SEST 2-1 1.10 3.72 16.8
R For SEST 1-0 0.50 0.16 16.3
SEST 2-1 0.60 0.40 16.2
R Lep SEST 1-0 0.40 0.21 16.7
IRAM 2-1 0.80 1.91 17.3
R Vol SEST 1-0 0.50 0.16 17.7
SEST 2-1 1.60 0.56 19.2
ST Cam OSO 1-0 0.60 0.12 8.3
IRAM 2-1 0.60 0.94 8.9
S Aur IRAM 1-0 0.70* 0.27 24.7
IRAM 2-1 0.70 0.38 24.9
TW Hor SEST 1-0 1.20* 0.11 5.8
SEST 2-1 1.50 0.35 5.7
T Dra OSO 1-0 1.00* 0.37 13.7
IRAM 2-1 0.20 1.96 11.2
V1426 Cyg OSO 1-0 1.00 0.80 13.6
SEST 2-1 1.00* 0.40 14.7
V384 Per OSO 1-0 0.60 1.03 13.9
IRAM 2-1 1.40 2.90 14.8
Y CVn OSO 1-0 1.00* 0.33 8.6
IRAM 2-1 1.30 1.06 8.1
Y Tau IRAM 1-0 1.00* 0.61 15.6
IRAM 2-1 0.90 0.93 13.3
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ion
Telescope esjl) 63 {2)
oso 33
SEST 45 23
IRAM 22'1" 12'
The dust emission model is applied to the infrared photometric data of the
selected sample of carbon stars. The observed colors and results from the dust
emission model are shown in Table 4.4. The power-law index, m, shown in the
third column is estimated from Figure 4.1. The parameter k is derived from
Figure 3.11 which shows the infrared color [25]-[2.2] as a function of k for m equal
to 1.0 (case 1), 1.5 (case 2), and 2.0 (case 3) of Qx. The value of k is obtained by
interpolating between the presented values of m. In doing so, a negligible error is
introduced by using cases 2 and 3 instead of 4 and 5 respectively, since their
[25]-[2.2] colors as a function k are nearly identical. Once k is derived, the
parameter Q/Qo is obtained by using the relation between k and Q/Qo presented
in Figure 3.34. In all of these steps, it is assumed that T* = 3000/\ and
The gas model allows us to connect the observed CO profile, characterized by
its central intensity and line shape, into the single parameter z. This permits the
possibility of relating the CO emission to the infrared dust emission, through z
and the observed infrared colors. Figure 4.2 shows the parameter z{J), for J = 1
and 2, for the selected sample of carbon stars against their observed [25]-[2.2]
L. = lOU
Table 4.3. Results from the gas emission model.
Name Trans X z{J) z*{J) p VJ
n fin
CCS2792 1-0 0.58 3.46 3.30 0 946
2-1 0.66 1.86 1.93
CL Mon 1-0 0.78 1.87 3.21 0 807 1 nn
2-1 0.85 2.70 2.20
CW Leo 1-0 0.75 175.00 20.38 57.151 250 00^KJ\J t \J\J
2-1 0.56 300.00 33.26
CZ Hya 1-0 0.88 1.19 0.98 0.738 0.70
2-1 0.66 2.26 2.49
HV Cas 1-0 0.66 5.48 3.03 0.571 2.48
2-1 0.72 2.62 1.92
RT Cap 1-0 0.75 1.75 0.62 1.823 0.40
2-1 0.75 1.41 0.50
RV Aqr 1-0 0.85 3.80 2.72 1.431 4.00
2-1 0.56 6.00 4.85
RW LMi 1-0 0.88 21.03 5.47 7.047 53.09
2-1 0.63 14.49 5.61
R For 1-0 0.81 2.71 2.18 1.542 2.30
2-1 0.78 2.21 1.77
R Lep 1-0 0.85 2.93 1.67 3.202 3.00
2-1 0.72 6.86 2.12
R Vol 1-0 0.81 2.71 2.73 1.158 2.30
2-1 0.52 6.97 7.61
ST Cam 1-0 0.78 2.53 0.67 1.990 1.53
2-1 0.78 3.76 0.76
S Aur 1-0 0.75 4.44 3.46 0.896 4.16
2-1 0.75 2.34 1.97
TW Hor 1-0 0.61 4.01 0.88 2.636 0.70
2-1 0.54 4.67 1.00
T Dra 1-0 0.66 6.75 4.15 0.998 3.00
2-1 0.92 6.00 2.15
V1426 Cyg 1-0 0.66 11.24 5.65 1.474 8.61
2-1 0.66 4.50 3.33
V384 Per 1-0 0.78 10.52 4.48 2.143 14.07
2-1 0.56 18.88 6.09
Y CVn 1-0 0.66 6.30 0.99 6.054 3.30
2-1 0.58 7.12 0.75
Y Tau 1-0 0.66 9.31 3.03 2.046 6.31
2-1 0.69 4.58 1.36
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Table 4.4. Observed colors and results from the dust emission model for the selected
sample of carbon stars.
Name [25]-[2.2] [60]-[12] [25]-[12] m lo^ik) Q/Qo
CCS2792
-1.022
-1,,115 -0.506 1.,225 11.458 34.25
CL Mon -0.678 -1.,191 -0.577 1,,950 11. 943 112.29CW Leo 2.122 -0,,925 -0.314 1..875 13. 170 15.84
CZ Hya -0.902 -1,
.150 -0.422 1,.175 11.,711 31.26
HV Gas -0.639 -1..126 -0.447 1,.450 12.,023 53.03
RT Cap -1.264 -1,
.230 -0.547 1,.125 11,.026 22.11
RV Aqr -0.151 -1,.142 -0.424 1 .675 12,.576 36.88
RW LMi 0.726 -1,.084 -0.435 1 .913 12,.780 30.90
RFor -0.511 -1,
.209 -0.528 1 .900 12 .178 76.79
R Lep -0.710 -1,
.166 -0.514 1 .725 11 .874 91.10
R Vol -0.340 -1 .171 -0.433 1 .675 12 .378 49.00
ST Cam -1.207 -1 .178 -0.553 1 .300 11 .063 37.35
S Aur -0.530 -1 .232 -0.593 2 .000 12 .165 84.85
TW Hor -1.152 -1,.142 -0.402 1 .000 11 .320 17.55
T Dra -0.280 -1,.104 -0.474 1 .675 12 .445 44.77
V1426 Cyg -0.333 -1 .103 -0.436 1 .525 12 .404 41.49
V384 Per -0.018 -1 .131 -0.430 1 .750 12 .500 31.59
Y CVn -1.260 -1,.211 -0.594 1 .500 10 .900 81.01
YTau -0.938 -1,.044 -0.452 1 .050 11,.717 21.07
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colors. The theoretical relation between z[J) and the [25]-[2.2] color, based on
equation 4.8 and Figure 3.11, is also plotted for values of a{J) equaling, from
bottom to top, 20, 200, and 2000 for case 1 (solid lines), case 2 (dotted Hues), and
case 3 (dashed lines) of Q,. The theoretical curves present calculations with values
of r. and fixed at 3000 K and WL^ respectively. Figure 4.2 shows that, for a
specific value of a( J), there is not a large difference among the theoretical curves
for cases 1, 2 and 3 of Q,. It also shows that a wide range of values for a{J) is
necessary to encompass the whole set of observations.
In order to compare the parameters ^*(1) and z*{2) for the stars in the sample
with the observed color [25]-[2.2], they have been plotted in Figure 4.3. The curves
represent the same theoretical calculations as those in Figure 4.2. Figure 4.3 shows
that the observational data, 2*( J), is constrained to a smaller range of a*{J) in
order to eliminate the variations in distance, luminosity, terminal velocity, and
telescope angular resolution.
Figure 4.4 presents the parameter y as a function of Q/Qq for the sample of
carbon stars. The error bars indicate the uncertainty of determining Q/Qq from
the possible values of m. The values of e spread over a range larger than three
orders of magnitude.
Figure 4.5 presents the relation between y* and Q/Qq for the selected sample
of carbon stars. In this case, one might notice that the data points are less
dispersed than in Figure 4.4 as a result of reducing the dispersion introduced by
some parameters from the model: ^b(J), d, L/d^, etc.
In an attempt to obtain a parameter that it is more well-defined than e*, it is
noted that the factor (f^) in e* can be replaced by^ Further,
knowing that 5{J) is close to 2 (cf. eqs. 4.3 and 4.4), the factor (^^) can be
replaced by p^/^ [^^) . Thus, a new parameter is defined as
y^ = y'a'(J)p'l'^^ (4.20)
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Figure 4.2. Parameter z{l) and z{2) as a function of the infrared color [25]-[2.2].
The dots represent the data for stars in Table 4.1. The curves represent model
results for case 1 (solid line), case 2 (dotted line), and case 3 (dashed line) of Qx.
The three cases form branches for values of cx{J) equaling, from bottom to top, 20,
200, and 2000.
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[25]-[2.2]
Figure 4.3. Same as Figure 4.2 but for the parameters z*{l) and z*{2).
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so
with
= 2.17
nco]/[H2] \ / Qo__y/^ (mvcxA(j)y^'^-' / i y/^
1^3.2 xlO-VVSx 10-3; V rfx^e(J)-j I^I^j •
(4.22)
The graph of yt as a function of Q/Q^ is shown in Figure 4.6. Notice that a further
reduction of the data dispersion has been obtained by expressing the data in terms
of yt. The range for extends over a little less than two orders of magnitude.
The results from the gas emission model, namely z{J) and y{l), and the results
from the dust emission model, namely A; and Q/Qq combine to produce a{J),
a*(J), 6*(1), and e^{l). Among them, a*(J) = 6.5 (^) (™^) and et(i)
are the most interesting as they are least dependent on the external parameters.
Table 4.5 lists a* (J) and 6^(1) for each of the stars in the selected sample. It also
lists 2t(J) ^ z*{J)(j^rr^] = A (mMA) floU^Y'
4.5 Consistency Between the Circumstellar Gas and Dust Emission
Models
In the circumstellar gas emission model, the relation between z[J) and the
model parameters is such that 2(2) will be nearly the same as 2(1) when the two
CO transitions are observed with the same telescope. This has been tested for the
selected sample of carbon stars. In looking for a correlation between these two
parameters, a straight line of the form log(2;(2)) = 61og(2(l)) + a is fitted to the
data. The chosen least square fit method assumes that errors are present in both
z(2) and z(l) (Press et al. 1992). An arbitrary error of 10 % is assigned to each
z(J) in order to calculate the of the fit. The plot of log(2(2)) against log(2(l))
and the fitted line are shown in Figure 4.7. The results of the fit are shown in
Table 4.6. The linear correlation coefficient is shown in the last column. For the
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104
"T I I—
I
—
I
—
r
'y \—-1
—
\
—
1
—
T
1000 — yy
y
r
y
I y
.
>^ 100
10
^ I I I I I y I I I I I I
10 100
Q / Qo
Figure 4.6. Same as Figure 4.4 but for the parameter \f
.
91
Table 4.5. Results from combining the dust and gas emission models for the selected
sample of carbon stars.
Name zt(l) zt(2) a*{l) a*{2) et(l)
CCS2792 3.14 1.99 527.06 308.25 4.28
CL Mon 5.06 3.15 167.82 115.02 0.74
CW Leo 18.34 28.48 63.18 103.10 10.68
CZ Hya 0.71 2.41 87.41 222.10 0.93
HV Cas 2.65 2.09 131.76 83.49 0.84
RT Cap 0.30 0.24 267.75 215.93 0.75
RV Aqr 2.38 4.76 33.11 59.03 0.98
RW LMi 5.26 5.89 41.62 42.69 2.56
R For 2.22 1.79 66.34 53.87 0.41
R Lep 1.74 2.29 102.34 129.92 0.31
R Vol 3.02 9.13 52.42 146.13 0.91
ST Cam 0.35 0.42 265.72 301.41 0.68
S Aur 5.34 3.07 108.50 61.77 0.64
TW Hor 0.32 0.36 193.12 219.45 0.68
T Dra 3.55 1.51 68.30 35.38 0.85
V1426 Cyg 4.80 3.06 102.19 60.23 2.76
V384 Per 3.89 5.63 64.96 88.30 3.04
Y CVn 0.53 0.38 571.45 432.92 0.33
YTau 2.95 1.13 266.56 119.64 5.36
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nineteen data points, the linear correlation coefficient is well beyond the critical
value for a level of confidence of 99 % (r = 0.575). To estimate how different the
fitted parameters are from those of a perfect log{z{2)) = log{z{l)), the
assuming a = 0 and 6 = 1 has been calculated and the results shown in
Table 4.6. The for these two cases are very close, therefore, the data follows a
relation of the form 2(2) = z{l).
For some stars in the sample, the two CO profiles were obtained from diflferent
telescopes. Also, sometimes the reported Vt is different for each transition. This
suggests a comparison between 2* (2) and z*{l). The same analysis applied to z{J)
has been repeated for z*{J) and the results are shown in Table 4.6. The plot of
2*(1) against z*{2) and the fitted straight line are shown in Figure 4.8. Using the
same arguments as before, it can be concluded that the data follow very closely
z*{2)=z*{l).
Each linear correlation coefficient, r, for the set z{J) or 2* (J), indicates a high
correlation for each set. However, these coefficients cannot tell which set of data is
a better fit to a perfect correlation. Therefore, the comparison of the fits has to be
based on their respective x^- The 2* (J) set has a smaller x^ than the z{J) set,
indicating that the former is a better fit to a perfect correlation.
Once z{J) for each star is determined, the corresponding a{J), for J = 1 and
2, is calculated using the dust emission model. Since there is a linear correlation
between 2(1) and 2(2), the same should be expected for the corresponding a{l)
and a{2). A linear relation of the form log(Q!(2)) = Mog(Q;(l)) +a was fitted to the
data and the results of the fit are shown in Table 4.6. Figure 4.9 presents a{l)
against a{2) and the fitted straight line. The x^ for the fitted parameters and the
one for a = 0 and b = 1, are also shown in the table. A comparison between these
two values of x^ shows that the a{J) follows very closely a relation of the form
a{2) = a{l).
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0 0.5 1 1.5 2 2.5
log ( z (1) )
Figure 4.7. Gas emission model parameter z{2) plotted against parameter z{l) for
the selected sample of carbon stars. The best-fit line to the values is shown and its
parameters are given in Table 4.6.
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log ( z*(l) )
Figure 4.8. Same as Figure 4.7 but for the gas model parameters z*{l) and z*{2).
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le 4.6. Correlation between the different parameters obtained from the dust and
gas emission model.
1 V-cldlilUn a b 9X Correlation
Coefficient
zd) vs zil) U.oiZ 4.5D0 0.874
0.00 1.00 5.018
z*{l) vs z*{2) -0.229 1.371 1.474 0.836
0.00 1.00 1.812
a{l) vs a{2) 0.482 0.804 0.220 0.790
0.00 1.00 0.272
a*{2) vs a*{l) 0.525 0.756 0.246 0.744
0.00 1.00 0.320
The same treatment has been repeated for the set of a* (J). The results of the
fit are shown in Table 4.6. The plot of a*{l) against a* {2) and the fitted straight
line are shown in Figure 4.10. Comparing the two values of for the set of a{J)
and the one for a* (J) it follows that set for a* (J) is closer to a perfect correlation.
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Figure 4.9. Correlation between a{l) and a{2) for the selected sample of carbon
stars.
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log ( a*(l) )
Figure 4.10. Same as Figure 4.9 but for the parameters a*{l) and q;*(2).
Chapter 5
Summary
A model to calculate the dust emission from circumstellar envelopes of evolved
stars was developed. The input parameters to the model were the luminosity and
effective temperature of the central star, the extinction coefficient at a reference
wavelength, and the power-law index for the dust absorption coefficient. The
outcomes were the dust temperature distribution through the envelope and the
emergent spectrum. Oxygen-rich and carbon-rich envelopes were modeled
assuming a power law for the corresponding dust absorption coefficient. It was
found that the dust temperature distribution for a very optically thick envelope
approaches, in their outer layers, the distribution for an optically thin envelope.
The overall shapes of the calculated spectral distribution were in good agreement
with the observations. By using a more elaborate expression for the dust
absorption coefficient, the model would produce the finer features in the observed
spectrum.
Special cases of interest were the near infrared flux at 2.2/im and the IRAS
fluxes at 12, 25, and 60 ^m. They were calculated for a wide range of dust
opacities, luminosities and effective temperatures appropriate for stars in the
AGB. It was found that for radiation at 2.2 and 12 /im the envelopes presented a
transition from the optically thin to the optically thick regime, while for the 25
and 60 /im radiation the envelope always remained optically thin for the range of
parameters considered.
With these four calculated fluxes, three color-color diagrams were created.
From the model results, it was shown that the dispersion of the data in these color
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diagrams is mainly due to the variations in the opacity and chemical composition
of the envelope and it is weakly related to the luminosity and effective temperature
of the central star. Two color-color diagrams connected to the near infrared flux at
2.2 fim were presented. The most frequently used color-color diagrams are based
exclusively in the IRAS fluxes. In this thesis it was shown that color diagrams
related to the flux at 2.2 fim yield a better interpretation of physical parameters in
this kind of graphic representation. Thus, from the proposed color-color diagrams
it was found that the color F(25/x)/F(2.2/i) is a good indicator of the absorptivity
for optically thin envelopes, but not a good one for optically thick envelopes.
A good agreement was found between the calculated colors from the dust
model and the photometric data for nearby carbon-rich and oxygen-rich stars.
However, many carbon-rich stars with optically thin envelopes presented an excess
in the 60 /im flux and its related colors. One possible explanation is that this flux
excess corresponds to the emission from a detached dust shell. But this was not
addressed in this work since only envelopes with steady mass-loss rate were
considered. It would be also interesting to study the connection of this effect to
the chemical composition of the envelope, since none of the studied oxygen-rich
stars presented this 60 /im flux excess.
It was noticed that a color diagram corresponds to a projection in a plane of a
color space. A good fit of the model to the data is such that the data point should
lie on the surface created by all of the possible model results. Thus, agreement
between the data and the model in a two dimensional color diagram is a necessary
but not sufficient condition to find the best fit to the model parameters. This fact
was shown in the case of a three dimensional color space for a selected sample of
evolved stars.
The results from the gas modeling by Kwan and Webster (1993) were applied
to a sample of nearby carbon-rich stars with detected CO reported by Olofsson et
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al (1993). The values for the model parameters derived separately from the
J = 1 0 and the 2 1 transition were consistent with each other. As it was
predicted by the gas emission model, the integrated intensity of J = 1 ^ 0 was
less than in the 2 1 transition. In using the results from gas model to estimate
the physical parameters, it is important to know with accuracy the central
intensity and the shape of the CO profile. However, there was a concern in the
way the reported line shapes were calculated. A better estimate for the profile
shapes would improve the insight provided by the gas model about the physical
properties of carbon stars.
The models for the gas and dust emission from circumstellar envelopes were
connected by writing the parameters of the gas model in terms of those for the
dust model. This fact allows one to obtain more information from the data.
Specifically, a correlation was found between the parameter that includes the gas
mass-loss rate and the infrared color F(25/um)/F(2.2/im). Such a relation permits
us to set a constraint on the product {apgr/QQf){[C0]/[H2]).
An interesting fact was noticed from analyzing the CO profiles and infrared
photometric data: although the observed infrared colors indicated dust envelopes
with small optical opacities, the observed CO profiles presented a parabolic shape
corresponding to an optically thick gas envelope. This puzzling behavior of the
envelopes around evolved stars deserves a closer and more detailed inspection in
future works.
Finally, it is recommended that high spectral resolution observations of the CO
J = 1 —> 0 and 2 -> 1 transitions of nearby oxygen-rich stars should be done in
order to extend to these objects the benefits of the models presented in this study.
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